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ABSTRACT  

 

In Vitro Propagation and Cryopreservation of Golden Paintbrush  (Castilleja levisecta)  

Ahmed Salama        Advisor:  

University of Guelph, 2017      Dr. Praveen K. Saxena 

Golden paintbrush (Castilleja levisecta Greenm.) is an herbaceous perennial plant native 

to the Pacific Northwest and is considered critically endangered with only 11 populations 

remaining in the wild. The objective of this study was to develop micropropagation and 

cryopreservation methods for large scale propagation and long-term ex situ germplasm 

conservation of C. levisecta. Cultures were initiated from nodal explants isolated from seedlings 

and shoots were successfully multiplied on modified MS medium (MS salt, B5 vitamins,  30 g/L 

sucrose, and 2.2 g/L phytagel; pH 5.7) supplemented with 2.0 µM 6-benzylaminopurine (BA) 

and 3.0 µM Kinetin. Micropropagated shoots were rooted ex-vitro with 100% rooting and an 

average of ~17 roots per shoot. Cryopreservation was achieved using axillary buds from  in vitro 

plants (7, 12, or 21 days old) that were pre-cultured step-wise on media containing 0.3 M and 0.5 

M sucrose then treated with vitrification solutions VS A3 (22.5% sucrose, 37.5% glycerol, 15% 

ethylene glycol and 15% Me2SO; w/v) on ice or with PVS3 (50% glycerol + 50% sucrose; w/v) 

for 0, 20, 40, 60, 80, and 100 min at room temperature, and processed using droplet-vitrification. 

Unloading treatments evaluated included 0, 0.8 M, 1.0 M and 1.2 M sucrose solutions for 30 

min. There was no significant difference in regrowth of nodal explants of different ages. The 

highest regrowth after cryopreservation (65%) was observed for axillary buds treated with VS 

A3 and PVS3 for 60-80 min followed by unloading in 0.8 M sucrose. The recovered shoot tips 

were successfully rooted and acclimatized in the greenhouse and 268 micropropagated/ 

cryopreserved plants were re-introduced into their natural habitat in BC.  
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Chapter 1: Introduction and literature review 

1.1 Introduction 

Golden paintbrush (Castilleja levisecta) is an herbaceous perennial plant endemic to the 

grasslands of the Pacific Northwest coast of North America. Historically, golden paintbrush 

populations existed between the Willamette Valley of Oregon north to British Columbia, 

generally on south-west facing coastal prairies with sandy, well-drained soils of glacial origin 

(U.S. Fish and Wildlife Service, 2000). Natural populations no longer exist in Oregon and the 

species is extirpated. Golden paintbrush exclusively reproduces by seed in nature and asexual 

reproduction has to date been unsuccessful (Dunwiddie et al., 2001). Golden paintbrush is an 

important component of local ecological systems serving as a host and a primary food source for 

larvae of Taylor`s Checkspot (Euphydryas editha), an endangered North American butterfly 

which is currently at high risk of extinction (Committee on the Status of Endangered Wildlife in 

Canada, 2007). As of 2007, the plant has lost most of its historic populations and was reduced to 

just 11 populations, 9 in the USA and two in Canada. In 2006, the Canadian populations of C. 

levisecta consisted of only 3,361 flowering plants, and this number has continued to decrease due 

to rapid spread of invasive alien plants, herbivory and trampling (COSEWIC, 2007; UFAWS, 

2007). To date, the most efficient methods for conserving golden paintbrush have focused on 

protection of natural habitats and reintroducing plants (seedlings) grown in nurseries from seed 

collected in the wild (U.S. Fish and Wildlife Service 2007; Lawrence & Kaye, 2009). In vitro 

techniques are useful tools for ex situ conservation through rapid, mass propagation of many 

threatened plants (Almeida et al., 2005; Barnicoat et al., 2011; Patel et al., 2014). However, 

using this technique with golden paintbrush has not been reported. This study aimed to develop 

https://en.wikipedia.org/wiki/Euphydryas
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an efficient protocol for in vitro mass propagation, develop an effective method for long-term ex 

situ preservation using cryopreservation technique and to re-introduce micropropagated 

individuals back into their natural habitat. 

1.2 Description  

Golden paintbrush (Castilleja levisecta Greenm) is an herbaceous perennial plant belonging to 

the Orobanchaceae family that grows to 10-50 cm tall with thick hairs covering the entire plant 

above the ground. Sticky leaves grow alternately especially on the stem of the plant. Leaves are 

narrow near the upper stem while at the base they widen to a broad, egg-shaped structure. On the 

lower stems, leaves tend to be elongated, spiky and conical. Pale green flowers are hidden by 

whirls of bright golden yellow bracts (modified leaves). Both the upper stem and bracts have the 

same width; the leaves have 3-5 narrow lobes with short, sticky, soft hair on it. (Lawrence & 

Kaye, 2011). 

Golden paintbrush grows and thrives during the warm months of the year. Flowering will 

typically start in late April/ May, with fruit maturing by June. When drought conditions are 

prevalent the plant will remain dormant until the next growing season (Douglas & Ryan, 

1999). Golden paintbrush is a facultative hemi-parasite or parasitic plant. Roots of golden 

paintbrush are capable of forming haustoria to connect to roots of other plants. Although this 

species of Castilleja could be grown in the greenhouse without host plants, they thrive better 

with hosts. Moreover, it can also develop haustorial connections on its own roots when grown 

without a host (Lawrence & Kaye, 2011; Caplow, 2005).  
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 Fig. 1. Illustration of golden paintbrush growth form and enlarged floral parts (COSEWIC., 

2007) 
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Fig. 2. Golden paintbrush growing in the field.  Nicole Kroeker / Parks Canada 

http://www.pc.gc.ca/eng/nature/eep-sar/itm11/itm11i.aspx 

 

1.3 Distribution 

Golden paintbrush is found naturally in sandy, well-drained soils of glacial origin.  Flat 

grasslands, mounded prairies, and steep, grassy bluffs are considered optimal habitats for this 

species.  Golden paintbrush’s historical distribution ranges from Vancouver Island, Canada 

(West of the Cascade Mountains) to northwestern Oregon in the United States at low 

elevations. In Canada, golden paintbrush is limited to the Gulf Islands (a cluster of small islands 

off-shore of Vancouver Island) and is found growing in eight locations, two of which have extant 

http://www.pc.gc.ca/eng/nature/eep-sar/itm11/itm11i.aspx
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populations. However, golden paintbrush populations  declined  25% since the mid-

1990s (COSEWIC, 2007).  

 

Fig. 3. The distribution of golden paintbrush in the province of British Colombia and 

Washington State (Thurston, Island, and San Juan counties) 

1.4 Current status  

The species is currently listed as threatened (62 FR 31740) in USA and Canada. In addition to 

the two populations found in Canada, an additional nine populations are found in Washington for 

a total of 11 known populations remaining. According to most recent data, a total of 3361 

flowering golden paintbrush plants were reported in 2006 indicating a population decline of 25% 

since the mid-1990s (COSEWIC, 2007). Due to the dramatic decline of Golden Paintbrush, the 
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U.S. Endangered Species Act and COSEWIC (2000) rank it as an endangered species in Canada 

(Dunwiddie et al., 2013). 

1.5 Threats  

Golden paintbrush naturally reproduces sexually through seed. Unfortunately this species is 

plagued by low germination rates, making natural and assisted recovery of populations tricky as 

the species is unable to naturally reproduce asexually or through traditional methods for 

propagating plants such as through cuttings (Dunwiddie et al., 2013).  Loss of habitat and 

competition with native and non-native woody plants are the main reasons for population decline 

of golden paintbrush. Other reasons involve livestock grazing, invasion of habitat by other 

varieties of plant`s (exotic and semi-woody species), and early-summer mowing. Herbivory by 

mammals and arthropods may also have a negative effect on the ability of golden paintbrush to 

thrive in nature.  Moreover, the use of areas for developmental and recreational usage also 

destroys the habitat of this species (COSEWIC, 2000; Caplow, 2004).  Fortunately, the 

remaining Canadian populations are located on islands with less mammalian/arthropod herbivory 

and human activity. 

1.6 Significance   

In addition to being endangered, C. levisecta also serves as a primary source of food and shelter 

for Taylor’s checkerspot, a nationally endangered butterfly (Aubrey, 2013). Furthermore, this 

species has been found to parasitize other species, which in turn suggests that plants might play a 

significant role in nature by providing supplementary water or nutrients to their host through 

formation of special root-like connections (Lawrence, 2005).  In the horticulture industry, a 

number of Castilleja species are produced and grown in gardens. Furthermore some species 
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reportedly have medicinal values, for instance Castilleja tenuiflora Benth. “Indian paintbrush” 

has been used traditionally in Mexico as a medicine for cancer, respiratory illnesses, and 

gastrointestinal disorders (Backes & Hoch, 2010; Gómez-Aguirre et al., 2012). Given the above, 

development of methods to rapidly propagate golden paintbrush will not only help revive 

existing populations, but could further efforts to use Castilleja species for economic purposes 

without impacting the remaining wild populations. 

1.7 Conservation Plan  

The Canadian populations of golden paintbrush represent around 20% of the global population.  

Given these populations are declining every year, this species is a very high conservation priority 

(COSEWIC, 2000). In order to recover golden paintbrush and increase its population size, 

several studies have been undertaken in order to better understand the population biology, fire 

ecology, propagation and restoration of golden paintbrush (Kaye & Lawrence, 2003; Dunwiddie 

& Martin, 2016; Dunwiddie et al., 2001).  More than 3000 golden paintbrush plants have 

successfully been grown in different locations (Rocky Prairie, San Juan Valley and Trial Island) 

using seeds from different populations. It has also been planted with various host plants with 

success (Eriophyllum lanatum, Festuca roemerii, Potentilla gracilis and Sidalcea spp). The 

results show that golden paintbrush grows better with Eriophyllum lanatum (Lawrence, 2005).  

According to Pfingsten (2012), a large amount of seed has been dispersed in different locations 

around the USA (Baskett Slough NWR, Finley NWR,  Beazell County Park and Bald Hill City 

Park) in 2010 and 2011, which in turn has increased the overall average rate of seedling 

establishment to 0.02%. 
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1.8 Propagation of Golden Paintbrush 

To date, seed propagation is the only method used to increase the population size of golden 

paintbrush. Considering the low germination rate for this species and that germination rates will 

differ between growing areas, the use of seed to restore populations does not seem to be an 

appropriate method for conservation of golden paintbrush (Bakes & Hoch, 2010; Dunwiddie et 

al., 2013).  Furthermore, seeds are currently harvested from the wild, grown in a nursery setting 

and re-planted in the wild, which does little to increase numbers and may actually remove 

selection pressures experienced in the wild.  In vitro propagation of golden paintbrush has not 

been reported, but Bakes and Hoch (2010) have optimized an in vitro propagation protocol for a 

close relative, wavy-leaved Indian paintbrush (Castilleja applegatei Fern.).  

 

1.2 In vitro propagation  

In vitro propagation is a technique used for rapid multiplication of pathogen free plantlets from 

small plant tissues under controlled environment conditions. This technique involves selecting 

small tissue sections or organs from a donor plant and aseptically culturing them on a nutrient 

medium in order to create multiple plants in a relatively short period of time and space (Bonga, 

1982; Bhojwani & Razdon, 1996). Success of in vitro propagation depends on a variety of 

factors including the size and shape of containers as well as the type of growth medium used 

(Kumar & Reddy, 2011). Micropropagation is a widely used approach with applications in 

agriculture, horticulture, drug manufacturing, and plant conservation.   For example, 

micropropagation can be used to quickly produce disease free clones, mass cloning of a selected 

genotype, year-round nursery production, preserving a specific gene pool via storage in liquid 
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nitrogen, and for mutant selection (Bonga, 1982; Evans, 1990; Withers & Williams, 1985; 

Hartmann et al., 2011). 

 

1.2.1 In vitro culture initiation and shoot multiplication using nodal segment  

Shoot multiplication is a common practice and an important method for developing a suitable 

tissue culture method for mass propagation. This process is often initiated by excising nodal 

segments from in vitro cultures.  These tissues will then produce a large number of shoot 

meristems which grow into healthy shoot tissues that are later rooted and transferred to field 

conditions (Ahmad et al., 2006; Quraishi et.al., 1996). In recent years, a number of efficient 

protocols have been developed for endangered species such as C. crepidioides using nodal 

segments as explants (Opabode et al., 2017). 

In plant tissue culture, plant growth regulators play a major role in the development, de-

differentiation, cell division and de novo structural formation of tissues and organs (Smith, 2012; 

Stephan-Sarkissian, 1990). Cytokinins are involved in organ formation in cultured tissues, cell 

enlargement and division, and specifically the formation of shoots (Bidwell, 1974). For example, 

shoot culture media can be supplemented with naturally occurring cytokinins such as zeatin, 2-IP 

(2-isopentenyladenine), or synthetic cytokinins like kinetin (KN), BA, and thiadiazuron (TDZ) 

(Bidwell, 1974; Gaba, 2005).  

There are not many studies on in vitro culture of species in the Orobanchaceae family. Backe and 

Hoch (2010) reported that the best results in micropropagation of Castilleja  applegatei  were 

obtained when growing shoot tips in WPM medium supplemented with 4 µM zeatin, producing 

4.11 shoot per explant.  In another instance involving a related species Bacopa monniera, the 

application of BA (6.6 µM) was found to be superior over Kn in inducing multiple shoots 
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(Tiwari et al., 2001). It is well known that properties of culture vessels differ and can lead to 

differences in shoot growth as a result of variability in gas exchange, humidity, light 

transmittance/distribution, and spectral irradiance (Chen, 2004; Huang & Chen, 2005; Hazarika, 

2006). For example, Kamenicka and Lanakova (2000) found that shoot induction, proliferation 

and biomass can be influenced by the type of growth vessel use as well as their closures.  In 

grape, Vitis vinifera L., vessel design has been found to affect shoot tip necrosis and branching 

(Monette, 1983).  

 

1.2.2 In vitro rooting 

Rooting is an important stage during the development of a micropropagation protocol.  

Achieving a high survival percentage for individuals during the acclimatization process depends 

upon the rooting technique as this will contribute to overall plant health as well as their ability to 

survive transfer to ex vitro conditions (Abul-Soad & Jatoi, 2014; Kalia, 2015). Plant growth 

regulators play a major role during in vitro rooting, with auxins being the primary one used for 

this purpose. IBA alone or in combination with NAA are the most commonly used auxins for 

inducing rooting.  Different auxins will differ in how they initiate physiological responses in 

plants and this is dependent on the extent to which they move through tissues, remain bound 

inside cells, or become metabolized (Dewir, 2015). Root induction has been observed in in vitro 

propagation of related species such as  Castilleja tenuiflor  and Aralluma edulis treated with IBA 

(Bonfil et al., 2011; Martínez-Bonfil et al., 2011). Also, IBA has been used to induce rooting in 

some other plant species e.g. Betula pendula, Tuberaria major, Centaurea ultreiae, Caralluma 

edulis, Sterculia urens Roxb (Purohit & Dave, 1996; Gonçalves et al., 2010; Mallón et al., 2010;  

Patel et al., 2014; Rathwell, 2015). Similarly, NAA at 10 μM has been successfully used for root 
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induction in Betula pendula, Huernia hystrix, Podophyllum hexandrum (Jamison & Refroe, 

1998; Amoo et al., 2009; Magnusson et al., 2009; Chakraborty et al., 2010) 

 

1.2.3 Ex vitro rooting 

Ex vitro rooting or direct rooting takes place by growing plants in soil under high humidity in the 

greenhouse or mist bed. Ex vitro rooting has advantages over in vitro rooting; for instance 

studies have shown that ex vitro rooting can reduce costs by increasing the efficiency of the 

micropropagation procedure through reduction of the number of steps required to get a plant 

rooted, which in turn enables  a high survival rate during acclimatization (Hazarika, 2006). It has 

been found that ex vitro rooting of tea micro-shoots with simultaneous acclimatization reduced 

the cost of production of micropropagated plants by 71% compared to that of micropropagation 

with an in vitro rooting step (Gunasekara & Eeswara, 2013; Ranaweera et al., 2013). Other 

studies showed that treating microshoots of Aralluma edulis (endemic and endangered plant 

species) with IBA under ex vitro conditions is more efficient than NAA (naphthoxyacetic acid) 

which could produce roots, but length and number of roots were comparatively less. In this 

study, authors also concluded that ex vitro rooting was superior to in vitro rooting. The 

efficiency of ex vitro rooting has also been reported by Martínez-Bonfil et al. (2011) for C. 

tenuiflor (a related species to C. levisecta). For example, the authors noted that roots developing 

under ex vitro conditions can form thicker, more woody roots and darker in color. Furthermore, 

plants rooted under ex-vitro conditions had a higher survival rate during acclimatization and 

greenhouse cultivation compared to that formed in vitro.  
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1.2.4 Acclimatization and Transfer to Greenhouse 

In vitro propagation is achieved through the establishment of explants in the greenhouse or field. 

During in vitro growth, plantlets are grown under very special conditions in vessels where 

humidity is higher and irradiance lower than in the field which in turn makes them less hardy for 

withstanding stresses found ex vitro (Hazarika, 2003; Chandra et al., 2010). Rooted explants and 

non-rooted explants can be transferred to ex vitro conditions, although rooted explants tend to be 

more uniform in their growth (Haggman et al., 2007) as they have a greater capacity for 

autotrophic growth and to protect themselves from biotic and abiotic stresses. Given the above, 

in vitro cultured explants should be gradually acclimatized to the environment in order to allow 

them to adapt through physiological changes (Chandra, 2010). For instance, plantlets should be 

planted in pots or cells in a conventional manner protected from desiccation in a shaded, high 

humidity tent or under mist for a few days until functional leaves and roots are formed 

(Hartmann et al., 2011). 

 

1.2.5 In vitro propagation of endangered species  

In vitro propagation is a useful approach for propagating endangered plants when propagation 

through seeds and cuttings is not feasible. Seeds are the most effective method for plant 

propagation when the plants produce high numbers of seeds and with a high germination level. 

Similarly, propagation by cuttings or other vegetative methods can be used to propagate many 

species (Pence, 2011). Unfortunately for species such as golden paintbrush the above methods 

are not feasible as many endangered species do not produce enough seed, require a long 

dormancy period for seeds to germinate, or have very slow growth making vegetative 

propagation inefficient. Thus, in many cases in vitro propagation is the most effective method for 
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propagation and long-term preservation (Pence, 2011). Some advantages of using in vitro 

propagation for conservation can be demonstrated by the fact that it is feasible to obtain high 

numbers of propagules/plants in short period time using a single explant in some species 

(Sarasan et al., 2006). Compared to traditional approaches for propagating plants, this technology 

does not require much starting material and can be conducted with minimal disturbance to the 

natural population. Therefore, this technology can provide an efficient propagation and re-

introduction method for endangered species to eliminate the loss of plants in their natural habitat 

(Mikulík, 1999; Emek & Erdag, 2013). Although in vitro propagation can be a suitable tool for 

growing rare or threatened plants, it does come with some challenges such as identifying the 

necessary conditions that are essential for ensuring sustainable growth and re-introduction of 

plants (Offord & Tyler, 2009). Recently, a number of endangered species 

have been propagated in vitro in several dedicated programs worldwide  including: Centaurea 

paui, Centaurea spachii, Centaurea zeybekii, Centaurea junoniana, Anthemis xylopoda, 

Astragalus chrysochlorus, Centaurium rigualii and Syzygium alternifolium ( Emek & Erdag, 

2013). 

 

1.2.6 In vitro conservation  

In vitro conservation is a safer alternative to gene banking and requires the establishment and 

preservation of small organs of plants under controlled conditions.  Unlike in other approaches, 

in vitro culture is performed using a clean and controlled environment as well as sufficient 

nutrient media in order to rapidly grow plants (Withers, 1991). In vitro techniques offer safe 

means for the international exchange of germplasm while allowing the establishment of 

extensive living collections using a small amount of space. These techniques also allow a 
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valuable supply of materials for wild population recovery, the storage of pathogen-free material 

and elite plants, and facilitate the molecular and ecological studies (Gonzalez-Arnao et al., 

2014). Although plants can be maintained for extended periods in vitro, it is laborious and 

requires significant maintenance.  To reduce the costs/effort of in vitro conservation, many 

techniques are used to slow their growth.  Growth reduction is generally attained by modifying 

the culture medium and/or environmental conditions. Modifications of the culture medium can 

include dilution of mineral elements, reduction of sugar concentration, changes in the nature 

and/or concentration of growth regulators, and addition of osmotically active compounds (Cruz-

Cruz et al., 2013). In regards to the culture environment, growth can be slowed by reducing the 

temperature, combined or not with a decrease in light intensity, or by keeping cultures in 

complete darkness.  The ideal approach will depend on the species in question.  A significant 

number of threatened plants, more than 3000 plant taxa from all over the world, have been 

propagated successfully by in vitro techniques (Cruz-Cruz et al., 2013).  

In vitro techniques can be used to perform medium-term conservation, which enables storage of 

biological materials for a period of 2–3 years without needing subculture. Medium-term 

conservation is dependent upon the technique used as well as the plant material selected (Cruz-

Cruz et al., 2013). For example, there are a significant number of threatened species that do not 

have appropriate organs to enable long-term conservation efforts i.e. plants which produce 

immature, sterile seeds that quickly lose their viability. In order to overcome such obstacles, in 

vitro culture techniques have been proposed for conserving endangered, rare, crop, ornamental, 

medicinal, and forest species for short, medium and long-term (Cruz-Cruz et al., 2013).  
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1.3 Cryopreservation  

Cryopreservation is the maintenance of living cells, tissues, organs and microorganisms 

at ultralow temperatures (usually that of liquid nitrogen, −196 °C). Cryopreservation is the only 

technique that ensures the safe and efficient long-term conservation of various categories of 

plants, including non-orthodox seed, vegetative propagated plants, rare, and endangered species 

(Cruz-Cruz et al., 2013). One of the advantages of cryopreservation is the possibility of using 

different plant organs such as shoot tips, seeds, embryonic axes, somatic embryos, buds, and 

pollen (Pritchard, 1995). Despite the initial establishment costs of cryopreservation, in the long 

run it is cost-effective as the liquid nitrogen is cheap, easy to find, non-toxic, chemically inert, 

non-flammable, and readily available (Kasagana & Karumuri, 2011).  Once a sample is 

deposited in a cryobank, there is very little maintenance needed.   In addition, cryopreservation 

requires limited space and can store materials indefinitely as the freezing process will halt 

physical and biochemical reactions from taking place within tissues (Lambardi et al., 2016), 

which in turn enables samples to remain genetically stable over time (Helliot, 2002) with less 

risk of contamination (Kackzmarezyk et al., 2012).   

 

1.3.1 Plant cryopreservation methods  

A number of cryopreservation methods have been developed for long-term plant germplasm 

storage.  The most common methods are classical slow-cooling, vitrification, and encapsulation-

dehydration. Choosing the best method to maximize the survival rate mainly depends on the 

plant materials and species being cryopreserved (Kaczmarczyk, 2012).  
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Slow, or controlled rate cooling was one of the first methods developed for storing samples at 

low temperatures and involves cooling samples down to a chosen temperature at a slow rate, then 

rapidly immersing tissues in liquid nitrogen. Through this approach, cells and external medium 

supercool decrease the formation of ice (Engelmann, 2004). 

 

Encapsulation dehydration involves the incubation of materials in a high sucrose media for a 

specific period of time in order to raise intracellular solute concentrations and promote 

desiccation. Through this process, the moisture content of the cryopreserved material will drop to  

20-30%. In order to get this low moisture content, silica gel or airflow is used to dehydrate the 

alginate beads which contain the plant materials, somatic embryos, or callus cells (Kaczmarczyk, 

2012). 

Vitrification requires samples to be treated in a mixture of highly concentrated penetrating and 

non-penetrating cryoprotective agents (CPAs) applied at non-freezing temperatures, followed by 

rapid cooling in liquid nitrogen (LN) (Kaczmarczyk, 2012).  Fig (4) summarizes the vitrification 

process as applied to cryogenic storage and revival of shoot apices of rare species at Kings Park 

and Botanic Gardens (Bunn, 2007). 

Using the above approaches, researchers have developed various techniques for preserving 

dormant buds indefinitely at low temperatures. In general, dormant wood is collected from trees 

during the coldest winter months and given additional chilling before dehydrating gradually 

through slow cooling and subjection to LN vapor. Samples can then be recovered in the future by 

thawing buds and grafting or budding onto rootstocks (Reed, 2001). A summary of the 

advantages and disadvantages of these techniques is illustrated in table (1). 
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Table 1. Advantages and disadvantages of cryopreservation techniques (Reed, 2001). 

. 

Technique Advantages Disadvantages 

Slow Cooling 

 

Stability from cracking, 

relatively nontoxic 

cryoprotectants, takes 

little technician time 

Requires equipment, slow 

recovery, low applicability to 

tropical species. 

Vitrification No special equipment needed, 

fast procedure, fast recovery 

Vitrification solutions are 

toxic to many plants, cracking 

is possible, requires careful 

timing of solution 

Encapsulation-dehydration No special equipment needed, 

nontoxic cryoprotectants, 

simple thawing procedures 

Requires handling each bead 

several times, some plants do 

not tolerate the high sucrose 

concentrations. 

Dormant bud preservation Easy, useful for many 

temperate tree species 

Requires freezing equipment, 

larger storage space, recovery 

requires grafting or budding, 

works best in cold temperate 

regions. 

  

  



18 
 

1.3.2 Cryopreservation of shoot tips 

Plant organs, seeds, meristematic tissues, cell suspensions, pollen and callus cultures can be 

cryopreserved in liquid nitrogen (LN). However, meristematic tissues are the most commonly 

used explants for cryopreservation of vegetatively propagated species (Panis & Lambardi, 2006). 

For example, shoot tips are the most preferred source for cryopreservation of endangered species 

as they allow for the conservation of genetically stable tissues, which are vital for upcoming re-

introduction programs. Furthermore, shoot tips consist of small thin-walled actively dividing 

cells that have small vacuoles and a high nucleo-cytoplasmic ratio in the apical meristem, 

making them more amenable to cryopreservation protocols (Turner et al., 2001). Recently, many 

cryopreservation protocols have been developed for endangered species using shoot tips initiated 

from in vitro culture (Fig 4). Whiteley et al (2016) have developed a cryopreservation protocol 

for different Androcalva perlaria  genotypes using shoot tips with 60-80% survival. Also, 

cryopreservation techniques were applied to conserve  Leontopodium hayachinense (Tanaka et 

al., 2008), Tuberaria major (Coelho et al., 2014), and Lithodora rosmarinifolia (Barraco et al., 

2013). 
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Fig. 4. The vitrification process as applied to cryogenic storage and revival of shoot apices of 

rare species at Kings Park and Botanic Gardens (Bunn., 2007). 
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1.4 Hypotheses  

Golden Paintbrush is an endangered but not well-studied species. To date, methods for 

micropropagating and cryopreserving this species have not been reported. According to previous 

studies discussed in this chapter, it is clear that the success of any in vitro propagation and 

cryopreservation protocol depends upon developmental aspects of cultures in various stages, 

each of which can be manipulated by modification to the growth media and environment during 

protocol development. Therefore, I hypothesize the following:  

1. Plant growth regulators 6-Benzylaminopurine (BA) and Thiadiazuron (TDZ) will 

enhance shoot multiplication of Castilleja levisecta. 

2. Indole-3-butyric acid (IBA) and 1-Naphthaleneacetic acid (NAA) will enhance rooting of 

in vitro developed shoots of Castilleja levisecta. 

3. Optimization of the age of the shoot tips, vitrification solution and exposure time, 

preculture treatment time, and unloading solution and exposure time will improve the 

survival and enhance the recovery of cryopreserved Golden Paintbrush shoots tips. 

4. The resulting plant will survive greenhouse as well as field transplanting.  
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1.5 Main objectives  

 

The overall objective of this study was to investigate the application of in vitro technologies 

for micropropagation, conservation and redistribution of golden paintbrush. Specific 

objectives are outlined below: 

1. Development of efficient micropropagation system for Castilleja levisecta using nodal 

explants 

2. Development of cryopreservation protocol for long-term germplasm conservation of 

Castilleja levisecta. 

3. Reintroduce Golden Paintbrush plants into their natural habitat.   
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Chapter 2: In vitro propagation and re-introduction of Golden Paintbrush 

(Castilleja levisecta). 

 

 

Abstract 

Golden paintbrush (Castilleja levisecta Greenm.) is a hemi-parasitic herbaceous perennial native 

to the Pacific Northwest of North America and is considered critically imperilled with only 11 

populations remaining in the wild. The main objective of this study was to develop ex situ and in 

situ conservation through in vitro propagation and field plantings. In vitro cultures were initiated 

using nodal explants from two plants raised from seeds collected from a natural population. 

Plants were then multiplied using nodal explants cultured on MS basal medium with 2.0 µM BA, 

3.0 µM Kinetin, 30 g/L sucrose and 2.2 g/L phytagel. Explant position on mother plants, culture 

vessel design and application of different plant growth regulator levels for 6-Benzylaminopurine 

(BA) and Thiadiazuron (TDZ) (0, 0.1,1.0, 10, 20 uM) were tested to optimize micropropagation 

protocols. Clones from the plants showed differences in plant height and number of nodes in 

response to various BA and TDZ concentrations. In vitro shoots were successfully rooted under 

ex-vitro conditions using commercial rooting powder (0.8% Indole-3-Butyric Acid) with an 

average of ~17 roots per shoot and resulting plantlets were acclimatized in the greenhouse with 

100% survival rate. Two month old plants were transferred successfully to their natural habitat 

near Fort Rodd Hill, British Columbia, Canada. The use of micropropagation in combination 

with re-introduction efforts offers an excellent opportunity for conserving endangered plant 

biodiversity in vitro and facilitating in situ conservation efforts by providing large numbers of 

plants for re-introduction. 
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2.1 Introduction 

Golden paintbrush exclusively reproduces by seed in nature and asexual propagation has 

to date been unsuccessful (Dunwiddie et al., 2001). This species is self-incompatible and loss of 

seed viability over time makes banking of germplasm through conventional approaches (i.e. seed 

banking) challenging. C. levisecta has limited capacity for natural dispersal and colonization of 

new sites, necessitating ex situ conservation to meet recovery goals (USFWS, 2000).  

In vitro techniques are useful tools for ex situ conservation through rapid, mass 

propagation of many threatened plants (Barnicoat et al., 2011., Almeida et al., 2005; Patel et al., 

2014). For example, more than 3000 plant taxa from all over the world have been propagated 

successfully using in vitro techniques (Cruz-Cruz et al., 2013). Given golden paintbrush’s poor 

germination rate, the short viability of its seeds, and the lack of current alternate propagation 

strategies, this species is a good candidate for in vitro conservation efforts through development 

of an efficient large-scale micropropagation system.  This approach will help to restore 

populations in the wild while also providing a germplasm source for long term conservation. To 

date, micropropagation of C. levisecta has not been reported, thus the objective of the current 

study was to develop an efficient protocol for in vitro mass propagation of C.  levisecta and to 

redistribute micropropagated individuals back into their natural habitat. 
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2.2 Materials and Methods 

Seed Germination and viability: 

Seeds from plants grown in the Fort Rodd Hill nursery, Victoria, British Columbia were collected 

in the fall 2016 and stored at 4°C for six months. Seeds were removed from the seedpods and 

used for the in vitro germination. Seeds were surface sterilized with 10% bleach for 15 minutes, 

and rinsed with autoclaved deionized water four times for 3 minutes each. Seeds were plated on 

semi-solid media consisted of MS (Murashige and Skoog 1962) basal salts with vitamins 

(Phytotechnology, Shawnee Mission, Kansas, USA), 3% sucrose, and 2.2 gL-1phytagel (Sigma-

Aldrich, Canada).  The pH of the medium was adjusted to 5.7 before autoclaving for 20 minutes 

at 121°C and 118 kPa. All Petri dishes were kept in the dark for 10 days and moved to the growth 

chamber at 25 ± 2 °C under a 16 h photoperiod at light intensity of 35 molm−2s−1 (Sylvania super 

saver F34DX/SS). Germination percentage was recoded after 4 weeks of culture. 

 

Plant material 

Seeds collected from wild plants were grown for approximately two months at Fort Rodd 

Hill, Victoria, British Columbia.  They were then shipped to the University of Guelph (Guelph, 

ON) where they were maintained on a mist bed in the greenhouse.  To initiate in vitro cultures, 

nodal explants were taken from the plants and surface sterilized using a 10% commercial bleach 

solution (Clorox©; 5.4% sodium hypochlorite) with two or three drops of Tween 20 for 7 min, 

followed by three rinses in sterile distilled water for 3 minutes each time. The explants were then 

transferred to GA7 culture vessels containing medium composed of MS (Murashige and Skoog 

1962) basal salts, Gamborg’s B5 vitamins, 2.0 µM 6-benzylaminopurine (BA), 3.0 µM Kinetin 

(Kn) (all obtained from Phytotechnology, Shawnee Mission, Kansas, USA), 3% sucrose, and 2.2 
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gL-1phytagel (Sigma-Aldrich, Canada).  The pH of the medium was adjusted to 5.7 before 

autoclaving for 20 minutes at 121°C and 118 kPa.   In vitro plants were multiplied using single 

node sections (Fig. 5A) sub-cultured every six weeks. All cultures were maintained in the culture 

room at 25 ± 2 °C under a 16 h photoperiod at light intensity of 40 molm−2s−1white fluorescent 

lamps provided by Osram Sylvania Ltd., Mississauga, Ontario. Clones of the two seedlings were 

maintained separately and labeled as G1 and G2. 

 

In vitro propagation 

To optimize shoot growth and multiplication rate, single nodes of similar size from six 

week old plants were sub-cultured onto MS basal medium supplemented with different 

concentrations of BA (0.1, 1.0, 10, 20 µM) and compared with original shoot development 

medium (MS basal salts, B5 vitamins, 2.0 µM BA, 3.0 µM Kn, 3% sucrose, 2.2 gL-1phytagel and 

pH of 5.7). To see the effect of Thiadiazuron (TDZ) on shoot multiplication, a separate 

experiment was conducted using various levels of TDZ (0.1, 1.0, 10µM). Basal MS medium 

without any PGRs was used as a control. Magenta boxes were used to grow cultures for all 

treatments. Shoot length and the number of nodes on each explant were recorded after four 

weeks of culture. Other experiment conducted to see the effect of combination of growth 

regulators BA and Kn with different concentration on shoot multiplication (BA1 & kn 4, BA2 & 

kn 3, BA3 & kn 2, BA4+kn1 µM).  Only clone G2 used in this experiment and test tubes used to 

grow cultures (15 ml media). After comparing the media for shoot growth and development, six 

week old plantlets were used for further evaluation of explant position using nodal explants from 

positions 1 to 10. Similarly, single nodes sub-culture onto the SDM in Petri dishes (Polystyrene 

disposable sterile, 100*25mm, VWR CATALYST, 30ml media), Test tubes (15 ml media), and 
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GA7 vessels (50 ml media) was performed to evaluate the effect of culture vessel on shoot 

development and multiplication rate.  The observations of growth for the nodes were recorded 

after two weeks of culture. 

In vitro rooting: 

Experiments were conducted in GA7 vessels to test the effect of the growth regulators for 

rooting under in vitro conditions. Six week old in vitro shoots of golden paintbrush (6-7cm long) 

with 6-8 leaves were sub-cultured on MS basal medium supplemented with various 

concentrations (1.0, 5.0 and 10.0µM) of Indole-3-Butyric Acid (IBA) or naphthalene acetic Acid 

(NAA). The shoots were maintained in the culture room at 25 ± 2 °C under a 16 h photoperiod at 

light intensity of 40 molm−2s−1. The observations were recorded after 3 weeks for root 

development.   

Ex vitro rooting and acclimatization in a greenhouse 

Two-month-old shoots were transferred from in vitro conditions directly into potting mix 

and maintained on a mist bed in order to assess their potential for ex vitro rooting (24ºC; 14 h 

light and 20ºC for 10 h darkness, over 85% humidity). In brief, in vitro plants were gently rinsed 

with tap water to remove nutrient media before immersing the bottom part of stems (~ 1 cm 

long) with different types of commercial rooting powder (Stim-Root # 1, 2, and 3, Plant Products 

Co. Ltd., ON, Canada) containing three concentrations of IBA (0.1, 0.4, 0.8%). Plants were 

immediately planted in plastic containers filled with pre-moistened growth medium (Sunshine 

mix; Sun Gro Horticulture Canada Ltd., Vancouver, Canada). All plants were kept in the mist 

bed for four weeks.  Root length and number of roots were observed and recorded after four 

weeks of planting. 
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Reintroduction in natural habitat 

 In March 2016, 268 plants developed through micropropagation were shipped to the 

Conservation Nursery in Fort Rodd Hill, Canada (clone line – G1). Upon arrival plants were kept 

in low light/wind conditions for 7 days to acclimatize. They were then co-planted with Eriophyllm 

lanatum as a host plant in raised beds. Survival of plants were assessed after three months by visual 

cues including stem elongation, appearance of new leaves, and flowering. 

 

2.3  Statistical analysis 

All experiments were performed in three independent replications. Data were analyzed by 

ANOVA, means were separated using Duncan’s Multiple Range Test at p = 0.05 using SAS 

University edition 3.4 (SAS Institute Inc. Cary, North Carolina, USA). Figures present mean 

values with standard error. Values followed by different letters are significantly different at p< 

0.05. 

 

2.4  Results 

 

2.4.1 Seed Germination 

Seeds collected in 2016 were cultured in vitro on a semi-solid medium without growth 

regulators and had a germination rate of 3%.   

 

2.4.2 Culture initiation and in vitro plant propagation 

Golden paintbrush plants were successfully cultured in vitro using nodal explants from 

seedlings (obtained from Fort Rodd Hill, BC, Canada) (Fig 5A,B). After four weeks in culture, 

segments from both clones (G1 and G2) developed tall, healthy looking shoots with more than 
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10 internodes (Fig.5C).  These nodal segments were subsequently used for multiplication of 

shoots and experimental materials.  

 

Both accessions of golden paintbrush responded to varying levels of plant growth 

regulators (BA and TDZ). The greatest plant height (6.3cm) was observed in response to BA (1.0 

µM) in G1 which was significantly taller than plants on other treatments with the exception of 

SDM medium (Fig 6a). Moreover, shoots in the SDM treatment developed a significantly higher 

number of nodes (8.25) compared to other treatments (Fig 6b). However, in the case of clone G2, 

the SDM treatment produced shoots that were significantly taller (6.74cm) with greater number of 

nodes (11.05) compared to all other treatments (Fig 6a and b).   

In the second experiment using varying levels of TDZ, plant height and number of nodes 

did not significantly differ between treatments for clone G1. The greatest shoot height was 4.66 

cm and number of nodes was 6.54 after 4 weeks of culture in the medium with TDZ (1.0 µM) 

(Fig. 7a and b). G2 produced shoots with greater plant height (5.64 cm) in the treatment with 

TDZ (1.0 µM) as compared to other treatments. However, the number of nodes (~9) was higher 

in the treatment with TDZ 0.1 & 1.0µM followed by other TDZ treatments. All treatments were 

significantly higher than the control (Fig. 7a and b).  

In the experiment of BA and Kn combination, the greatest shoot height was 3.1 cm and 

the number of nodes was 6 nodes in 2 µM BA & 3 µM Kn treatment. The plant height in this 

treatment was significantly different from only 3 µM BA & 2 µM Kn treatment (Fig 8a). In 

terms of the number of nodes, there were no significant differences observed between 2 µM BA 

& 3 µM Kn and 4 µM BA & 1 µM Kn µM treatments. Treatments with 1 µM BA & 4 µM Kn 

and 3 µM BA & 2 µM Kn produced fewer nodes (Fig. 8b).  
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There was no significant difference observed in percent response of nodes based on 

position growing in test-tubes and Petri dishes, however, significant differences were observed in 

Magenta boxes (Fig 9a and c). The nodes from the third position from the top showed 100 

percent response while the 5th and 6th node position responded significantly low average 55 % 

(Fig. 9a). In general, average shoot development was greatest in test-tubes and Petri dishes as 

compared to Magenta boxes (Fig 9b and c). 

In vitro shoots did not respond to IBA or NAA treatments as none of the treatments 

showed root induction, including the control plants (Fig 5D). Some plants produced pale, thin 

roots with what appeared to be haustoria, but were unable to survive when transferred to 

greenhouse conditions. However, when plants were transferred to a mist bed after being treated 

with different rooting powder (0.1, 0.4 and 0.8 % IBA), 100% de novo root formation was 

recorded in all treatments with an average of 17 roots per shoots and there was no significant 

difference observed among the treatments (Fig 5F and 9). In vitro shoots treated with 0.8% IBA 

produced longer roots (4.5 cm) as compared to other two treatments (Fig. 5F and 10). 

All plants were successfully acclimatized ex vitro as confirmed by visible stem 

elongation and formation of new leaves (Fig. 5H). In March 2016, 268 control plants of G1 clone 

line were shipped to British Columbia and re-introduced at the nursery Fort Rodd Hill, British 

Columbia, Canada. Of 268 plants, 153 plants survived the transit, but many withered shortly 

after planting. By August 2016, at least 20 plants survived the transit from lab to field and some 

of them had started flowering (Fig. 5I). 
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2.5 Discussion 

Ex situ in vitro conservation has been used for many plant species and is especially 

important for critically endangered species with small populations (Goncalves et al., 2010; 

Mallon et al., 2010). Golden paintbrush is an endangered species in Canada and the USA. Low 

seed viability and occurrence within a restricted habitat has prevented the use of conventional ex 

situ conservation efforts like seed banking for this species. The recovery plan for C. levisecta has 

given more emphasis on reintroduction as an important activity for conservation (Caplow, 2004). 

Moreover, poor seed viability over short period makes difficult for this species to propagate by 

seeds.  This represents, to the best of our knowledge, the first time plant tissue culture has been 

used to restore populations for an endangered species in Canada.  

 

Successful bud initiation (100%) was achieved on semi-solid medium containing MS 

basal salt mixture as MS based media has been shown to be suitable for various other herbaceous 

plant species (Sarropoulou & Maloupa, 2017; Spinoso‑Castillo et al., 2017). An important factor 

affecting shoot growth and development was the combination of BA and Kin. Shoots grown in 

the medium supplemented with 2.0 µM BA + 3.0 µM Kin performed better than in the medium 

with BA only. Cytokinins can affect plant growth in a variety of ways, but are recognized as a 

requirement for cell division, differentiation, and are widely used to promote shoot 

multiplication. However, the effects observed will vary by cytokinin type and concentration, 

with reported effects being species specific (Nabors, 2004; Park et al., 2008). In golden 

paintbrush, a combination of cytokinins was optimal to induce shoots from nodal explants 

compared to individuals growing on MS basal medium without plant growth regulators. 



31 
 

 

For further shoot elongation and multiplication, various levels of BA and TDZ were used 

in the experiments. Among the different levels tested individually, BA (1.0µM) was the most 

effective for shoot elongation and number of nodes (Fig 6a and b). However, the two accessions 

responded differently for plant height and numbers of nodes in both the cytokinins.  Similarly, 

BA was more effective for shoot growth in a variety of other plants including C. tenuiflora 

(Martı´nez-Bonfil et al., 2011), Piper longum (Rani & Dantu, 2012), and Vigna subterranean 

(Silue et al., 2016). In the case of the TDZ response, G1 was not significantly affected by various 

levels of TDZ compared to G1 clones growing on medium without hormones (Fig 7a and b). G2 

produced longer shoots with more nodes in medium supplemented with 1.0 µM TDZ than the 

control plants. This response could be explained by the explants endogenous hormone content 

whose balance would probably be in favor of cytokinins (Silue et al., 2016). Reports on in vitro 

culture of plants in the Scrophulariaceae or Orobanchaceae show that plant responses vary 

among species. For example, experiments involving C. applegatei showed that the best results 

were obtained in medium supplemented with zeatin (Backes & Hoch, 2010), while BA was 

optimal for Scrophularia yoshimurae and Bacopa monniera (Sagare et al., 2001; Tiwari et al., 

2001). Furthermore, Kin was found most effective in C.tenuiflora (Martı´nez-Bonfil et al., 2011). 

 

The position of the explant or culture vessels have been found to impact in vitro shoot 

growth and proliferation (Dhar & Joshi, 2005). In this study, three culture vessels and 10 

explants based on node position on mother plants were studied for their effects on shoot growth 

and development. Overall, culture vessel design showed a significant effect on nodal explant 

response, for instance culture test tube and Petri dishes showed higher explant responses 
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compared to magenta boxes. The effect of node position on mother plants was reported in 

Ponerorchis graminifolia and Capsicum annuum (Mitsukuri et al., 2009; Molt & Norzulaani, 

2007). Similarly, nodal position showed a significant effect on regeneration in Commiphora 

wightii, an endangered medicinal plant. In general, all nodes from the same mother plant 

responded well to treatment and were able to produce shoots. This response could be explained 

by the explant’s endogenous hormone content and headspace within culture vessels. Plants 

growing in test tubes stayed healthier for 8 weeks compared to others. This observation may be 

attributed to the fact that plants growing in test tubes have greater support to grow vertically by 

leaning against the wall of tubes while also acquiring more light since each plant is grown 

individually and does not need to compete with other plants. Effect of vessels size on shoot 

proliferation was reported in Vitis vinifera L. (Monette, 1983). While the present experiments do 

not demonstrate that the type of vessel used is necessarily the only factor responsible for 

observed differences in shoot growth, they do indicate that culture vessel is important. Since the 

physical properties of culture vessels are different, the differences in shoot growth may reflect 

differences in gas exchange (Monette, 1983; Hazarika, 2006), humidity (Chen, 2004), 

transmittance distribution, and spectral irradiance (Huang & Chen, 2005). Furthermore, the gas 

atmosphere in plant tissue cultures is known to contain various volatiles which affect plant 

growth and development including ethylene (Thomas & Murashige, 1979; Hazarika, 2006).  

 

Rooting is very important to complete the in vitro propagation process. Experiments were 

conducted for in vitro rooting using MS basal medium supplemented with two auxins IBA and 

NAA at varying levels.  However, none of the treatments induced normal and healthy roots 

under in vitro conditions. Some plants did show a response through production of slender roots, 

however plants were still unable to survive after transplanting in to the greenhouse. In vitro 
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rooting results were similar to those reported for Malus and papaya where the rooting was 

inhibited by IBA and NAA (De Klerk et al., 1997; Teo & Chen, 1993).  As shown in the present 

study, C. levisecta plants were rooted successfully under ex vitro conditions, with 100% rooting 

being observed when shoot ends were dipped in the rooting powder (0.8% IBA) and the plants 

were successfully acclimatized after two weeks (Fig 5H). Plants grown in the greenhouse 

developed longer, thicker and more lateral roots and produced normal plant growth without a 

host. Similar results were found in other studies with Rhododendron ponticum and Castilleja 

tenuiflora where ex vitro rooting was more efficient (Almeida et al., 2005; Martı´nez-Bonfil et 

al., 2011). Ex vitro rooting has advantages over in vitro rooting for several other species such as 

Centaurea ultreiae (Mallon et al., 2010) and Pueraria tuberosa (Rathore & Shekhawat, 2009). 

Ex vitro rooting can reduce costs and increase the efficiency of the micropropagation procedure 

by reducing the number of steps required to get a plant to root, providing a high survival rate 

during acclimatization (Hazarika, 2006). Based on the above, ex vitro rooting is the best option 

for commercial laboratories as it enables one to shorten the micropropagation cycle by skipping 

in vitro rooting.  

Reintroduction of endangered species has become increasingly important in conservation 

worldwide for recovery of rare species and restoration purposes (Maunder, 1992). The basic 

biological purpose of reintroduction is establishing new or augmenting existing populations in 

order to increase a species’ survival prospects (Godefroid et al., 2011). Unfortunately, the 

reintroduction of rare and endangered plants has been very challenging due to low rates of 

success  (Ren et al., 2012) as many endangered and rare species fail to reproduce in their natural 

habitat. For example,  out of 45 reintroduction projects initiated in California, only 4 were 

successful (Allen, 1994). To help support re-introduction efforts for golden paintbrush, around 
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268 plants developed through micropropagation were shipped to the Conservation Nursery in 

Fort Rodd Hill, Canada (clone line – G1), 153 survived the transit. Survival of plants were 

assessed after three months by visual cues including stem elongation, appearance of new leaves, 

and flowering. After three months, 20 plants survived and started flowering. As the plants were 

maintained in mist bed for 4 weeks, the low survival of Golden paintbrush in the field seemingly 

due to the sensitivity of Golden paintbrush to the dry air and the lack of information about proper 

transportation and shipping. These promising results indicate that golden paintbrush has a bright 

future in Canada and can to be saved from extinction. 

 

2.6 Conclusion 

In conclusion, an efficient in vitro propagation protocol was developed for golden 

paintbrush C. levisecta, an endangered plant in Canada and USA. The protocol was developed 

using nodal segments and induction of multiple shoots, completed with high frequency ex-vitro 

rooting under greenhouse conditions. As a step towards in situ conservation plantlets were re-

introduced in their natural habitat. These plant regeneration systems offer an excellent 

opportunity for long term in situ conservation programs (i.e. cryopreservation). while also 

supporting ex-situ efforts through living plant collections and cryopreservation. To the best of 

our knowledge, this is the first report on micropropagation and re-introduction of an endangered 

plant species in Canada.  
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Fig. 5: In vitro propagation of golden paintbrush (Castilleja levisecta). Golden paintbrush seed 

pods   and seeds used for in vitro germination (A). Germinated of seeds after four weeks 

(cultured on semi-solid medium without growth regulators)(B). Nodal segments cultured on MS 

medium supplemented with 2.0 µM BA and 3.0 µM KN for shoot growth and development (C). 

Microshoots were transferred for root induction with 10.0µM IBA treatment and in vitro rooting 

(E and F). Ex vitro rooting of microshoot immersed in 0.8% IBA rooting powder (G). C. 

levisecta plants acclimatized in the greenhouse (H) and were successfully reintroduced back to 

their natural habitat near Fort Rodd Hill, BC, Canada (I). 
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Fig. 6: Effect of different concentrations of BA supplementation to Murashige and Skoog basal 

medium on nodal explants of clones G1 and G2. A; effect on nodal explant shoot height. B; effect 

on numbers of nodes. Error bars represent means ± standard error of mean. Means with the same 

letters in the graphs are not significantly different at α = 0.05 per Duncan’s multiple range test. 

Small and capital letters refer to the significant differences among concentrations within G1 and 

G2, respectively. 
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Fig. 7: Effect of different concentrations of TDZ supplementation to Murashige and Skoog basal 

medium on nodal explants of clones G1 and G2. A; effect on nodal explant shoot height. B; 

effect on numbers of nodes. Error bars represent means ± standard error of mean. Means with the 

same letters in the graphs are not significantly different at α = 0.05 per Duncan’s multiple range 

test. Small and capital letters refer to the significant differences among concentrations within G1 

and G2, respectively. 
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Fig. 8: Effect of BA & Kn supplementation to Murashige and Skoog basal medium on nodal 

explants of clone G2. A; effect on nodal explant shoot height. B; effect on numbers of nodes. 

Error bars represent means ± standard error of mean. Means with the same letters in the graphs 

are not significantly different at α = 0.05 per Duncan’s multiple range test. 
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Fig. 9a: Effect of different node position on mother’s plant and three types of culture vessels 

magenta boxes, test tubes and petri dishes on nodal explant response for shoot growth. Non-

significant difference observed for node position in test tubes and Petri dishes. Error bars represent 

means ± standard deviation. Means with the same letters in the graphs are not significantly 

different at α = 0.05 per Duncan’s multiple range test. 
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Fig. 9b: Overall effect of three types of culture vessel, test tubes, petri dishes and magenta boxes 

on shoot growth of nodal explant. Data represents means ± standard deviation. Means with the 

same letters in the graphs are not significantly different at α = 0.05 per Duncan’s multiple range 

test. 

 

 

 

 

Fig. 9c:  In vitro culture of C. levisecta in various culture vessels (A) Magenta boxes (B) Petri 

dishes and (C) test tubes using nodal explants based on node position of mother’s plant of clone 

G1. 
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Fig. 10:  Effect of three different rooting powders (0.1% IBA, 0.4% IBA and 0.8% IBA) on root 

length and number of microshoots for clone G1 compared to control treatment for ex vitro 

rooting. Means with the same letters in the graphs are not significantly different at α = 0.05 per 

Duncan’s multiple range test. Small and capital letters refer to the significant differences among 

root length and root number, respectively.  
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Chapter 3: Cryopreservation of golden paintbrush (Castilleja levisecta Greem.). 

 

Abstract 

In this study conservation of of golden paintbrush (Castilleja levisecta), a globally endangered 

species, was addressed through in vitro culture and cryopreservation of shoot tips. In vitro 

cultures were successfully established using seedlings received from Parks Canada (Fort Rodd 

Hill, Victoria, BC, Canada). Shoot tips excised from in vitro propagated plants were 

cryopreserved using a droplet-vitrification method following optimization of individual protocol 

steps such as pre-culture, treatment with vitrification solutions and unloading. The highest 

regrowth after cryopreservation (66%) was achieved when shoot tips were pre-cultured in 0.3 M 

sucrose for 17 h followed by 0.5 M sucrose for 4 h, incubated in an osmo-protectant solution 

(17.5 % glycerol and 17.5 % sucrose) for 20 min, exposed to vitrification solution A3 on ice for 

40 min, and unloaded in 0.8 M sucrose solution for 30 min. Healthy plants were developed from 

cryopreserved shoot tips and propagated in vitro using nodal segments. Plants derived from in 

vitro culture and from cryopreserved tissues were successfully rooted, acclimated in a 

greenhouse, and reintroduced in a naturalized propagation area at the Conservation Nursery at 

Fort Rodd Hill, Canada. This study represents the first report of cryopreservation of C. levisecta, 

demonstrating the application of in vitro technologies in conserving and re-introducing this 

critically imperiled species in nature. 
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3.1 Introduction 

In nature, golden paintbrush propagates only by seed and has a low germination rate 

(Dunwiddie et al., 2013) with seed viability varying among and within populations. For example, 

a germination rate of 39%-96% was observed in fresh seeds collected from plants in south Puget 

Sound, USA (Wentworth, 1994). Seedlings are inconspicuous in the field and are rarely observed 

in natural conditions (Caplow, 2004). A reintroduction plan for golden paintbrush has been 

developed (Caplow, 2004), however, evaluation showed that some important recovery criteria 

such as increasing the number of stable populations located on protected sites were not met (U.S. 

Fish and Wildlife Service, 2007). To date, the most efficient method for conserving golden 

paintbrush have focused on protection of natural habitats and reintroducing plants (seedlings) 

grown in nurseries from seed collected in the wild (U.S. Fish and Wildlife Service 2007; 

Lawrence & Kaye, 2009).  

 To support existing conservation strategies, the current project aimed to develop an 

effective method for long-term ex situ preservation of available genetic resources of golden 

paintbrush. Conservation of plant samples at cryogenic temperature via immersion in liquid 

nitrogen (LN, -196°C)  ensures genetic and biochemical stability of plant materials for long 

periods and requires minimum space and maintenance (Engelmann, 2004; Reed et al., 2011). 

The use of vegetative organs (i.e. apical or axillary shoot tips) for cryopreservation and 

subsequent regeneration of cryopreserved tissues is an effective approach for  long-term 

conservation of species in instances when seeds are difficult to collect or have low germination 

(i.e. C. levisecta) (Pence, 2010). In recent decades, cryopreservation of meristematic organs has 

been successfully applied to conserve a wide range of endangered species including herbaceous 

perennial plants such as Cosmos atrosanguince (Wilkinson et al., 2003), Lomandra sonderi 
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(Menon et al., 2014) or Dioscorea deltoidea (Mandal & Dixit-Sharma, 2007), as well as mosses 

(Mallón et al., 2007) and trees such as Torreya taxifolia (Ma et al., 2012), Ulmus americana 

(Uchendu et al., 2013), and Betula lenta (Rathwell et al., 2016). Furthermore, there is an 

increasing pool of studies reporting the utility of cryopreservation to mitigate extinction threats 

for a number of endemic plants in Spain (Mallón et al., 2008; González-Benito & Martín, 2011), 

Australia (Turner et al., 2001b; Ashmore et al., 2011), China (Lin et al., 2014) and other 

countries. However, the development of technologies for micropropagation and cryopreservation 

of  Castilleja spp  of Canada has not been reported.  

 

3.2 Material and methods  

 Plant material 

Two seedlings of C.levisecta were kindly provided by Parks Canada (Fort Rodd Hill, 

Victoria, BC) and maintained on a mist bed at the University of Guelph, Guelph, ON, 

Canada.  To initiate in vitro cultures, nodal explants were taken from the plants and surface 

sterilized in a 10% solution of commercial bleach (Clorox©; 5.4% sodium hypochlorite) with 

0.1% Tween 20 for 7 min, followed by three rinses in sterile distilled water. The explants were 

transferred to Magenta boxes on nutrient medium composed of 4.33 g/L MS basal salts 

(Murasige and Skoog 1962), 1 ml/L B5 vitamins, 2 µM 6-benzylaminopurine (BA; 

Phytotechnology, Shawnee Mission, Kansas, USA), 3 µM Kinetin, and 2.2 g/L phytagel (Sigma-

Aldrich, Canada), pH = 5.7. In vitro  plant cultures were maintained by single node sections (Fig. 

10B) subcultured every four weeks in the culture room at 25 ± 2 °C under a 16 h photoperiod at 

light intensity of 40 mol∙m−2∙s−1. The propagules of the initial two seedlings were labeled as G1 
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and G2, respectively. Plants of G1 clone (Fig. 10C) were used for the development of the 

cryopreservation protocol. 

 Cryopreservation  

Cryopreservation of shoot tips was performed using a droplet-vitrification method (Sakai & 

Engelmann, 2007) which consisted of the following steps: preculture, osmoprotection (loading), 

treatment with a vitrification solution, unloading and recovery. 

 

 Effect of plant material age  

For the cryopreservation experiments, single nodal segments (Fig. 10B) were excised 

from 4-week-old in vitro plants and placed on MS media supplemented with 3% sucrose and 

solidified with 2.2 g/L phytagel in Magenta boxes, 5 explants per box, under the conditions 

described above. To reveal the effect of plant material age, shoot tips for cryopreservation were 

excised from the cultures 6, 12 and 21 days after sub-culture.  

 Effect of preculture treatment 

Apical shoot tips (1.5-2.0 mm in length) were excised from nodal segments under a 

binocular microscope (Nikon 91703, Japan) and transferred to glass Magenta baby jars 100 mL 

provided by Sigma (preculture step) containing a 20 ml sucrose solution. Different preculture 

conditions tested to evaluate the effect of preculture treatment on plant regrowth after 

cryopreservation were as follows: i) 0.3 M sucrose for 24 h; ii) 0.5 M sucrose for 24 h; iii) 0.3 M 

sucrose for 17 h followed by 0.5 M sucrose for 4 h; iv) 0.3 M sucrose for 24 h followed by 0.5 M 

sucrose for 17 h then by 0.7 M sucrose for 4h. All preculture treatments were placed on a shaker 

(90 rpm, MaxQ 2000  Thermo Scientific) under culture room conditions described above. 
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 Osmoprotection (loading) treatment 

After preculture, the shoot tips were transferred to a loading solution composed of 17.5 % 

glycerol and 17.5 % sucrose (w/v, Kim et al. 2009a) at room temperature for 40 min on a shaker 

(90 rpm). 

 Effect of vitrification solution treatment  

Following osmoprotection, the explants were transferred to a vitrification solution (A3) 

composed of 37.5 % glycerol + 15 % dimethylsulfoxide (DMSO) + 15 % ethylene glycol (EG) + 

22.5 % sucrose, w/v (Kim et al. 2009b), on ice for 0, 20, 40, 60, 80 and 100 min. At the end of 

each treatment, half of the shoot tips were each transferred using individual drops of A3 solution 

on ice-precooled aluminum foil strips (6 × 30 mm; Western Plastics, Canada). Five shoot tips per 

foil (Fig. 10D) were plunged directly into liquid nitrogen for a minimum time of 30 min. The 

other half of shoot tips from vitrification solution were transferred directly to unloading solution 

(0.8 M sucrose, see below) and served as a control without cryopreservation (LNC).  

Alternately, Plant Vitrification Solution 3 (PVS3, Nishizawa et al. 1993) composed of 

50% glycerol and 50% sucrose, w/v, was applied to shoot tips at room temperature for 0, 20, 40, 

60, 80 and 100 min. 

 

 Rewarming and Unloading 

Foil strips carrying the shoot tips were rewarmed by placing them in Magenta baby jars 

containing 20 ml of preheated (40°C) sucrose solution (unloading solution) for 20 sec. After that, 

an equal volume of unloading solution at room temperature was added, foils were then removed 

using forceps, shoot tips were kept in unloading solution for 30 min at room temperature on a 
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rotary shaker (90 rpm). In order to determine whether the unloading treatment had any effects on 

the survival and regrowth, the following unloading solutions were tested: i) no unloading (shoot 

tips were transferred to regrowth medium immediately after rewarming in 0.8 M sucrose 

solution); ii) 0.8 M sucrose for 30 min; iii) 1.0 M sucrose for 30 min; iv) 1.2 M sucrose for 30 

min; v) 0.2 M sucrose for 15 min followed by 0.8 M sucrose for 15 min.  

All cryoprotectant solutions were applied at different steps of the protocol and were 

prepared based on liquid MS medium (salts + vitamins, pH 5.7) and sterilized by vacuum 

filtration through 0.2 µm filters (Falcon, USA). 

 

 Recovery growth 

After the unloading treatment, shoot tips were surface-dried using sterile filter paper, and placed 

on regrowth medium composed of DKW basal salts with vitamins (Driver and Kuniyuki 1984), 

3% sucrose, 1 µM gibberellic acid (GA3) and 2.2 g/L phytagel, pH 5.7 in 6 cm plastic Petri 

dishes. Cultures were kept in the dark for 5 days and subsequently transferred to normal growth 

room light intensity (16 h photoperiod at light intensity of 40 mol∙m−2∙s−1).  

 

 Survival and regrowth 

Survival was evaluated 10 days following cryopreservation by counting the number of 

shoot tips that showed any sign of growth and appearance of green structures. Regrowth was 

counted after 30 days as the number of shoot tips that produced healthy looking plantlets with 

elongated stem and fully developed leaves. Both survival and regrowth were expressed as 

percentages of explants responding to the treatments.  
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 Ex vitro rooting and acclimatization in a greenhouse 

Two to four-month old plants were transferred from in vitro conditions to a mist bed in 

the greenhouse under conditions described above for the initial plant material culture. Prior to 

planting, in vitro plants were gently rinsed with tap water in order to remove nutrient media. 

Following rinsing, the bottom part of the stem (approx. 1 cm long), was immersed into rooting 

powder (0.8% indole-3-butyric acid, IBA, Stim-Root #3) and the plant was immediately planted 

in plastic containers filled with Sunshine professional growing medium (Sun Gro Horticulture 

Canada Ltd., Vancouver, Canada).  

 

 

 

3.3 Statistical analysis 

All experiments were performed with three independent replications, each replication 

consisted of 10 to 15 shoot tips. Data were analyzed by ANOVA, and means separated using 

Duncan’s Multiple Range Test at p = 0.05 using SAS University edition 3.4 (SAS Institute Inc. 

Cary, North Carolina, USA). Figures present mean values with standard errors. Values followed 

by different letters are significantly different at p < 0.05. 

 

3.4. Results 

3.4.1 Culture initiation and in vitro plant propagation 

Golden paintbrush was successfully introduced into plant tissue culture. In vitro grown 

nodal segments showed 100% of clean cultures had the capacity to grow further. After four 

weeks in culture, all segments developed tall, healthy plants (Fig.10C) that could be propagated 

further using single internode sections. In six months, approx. 100 plants were obtained from 
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each initial explant, and cryopreservation experiments were started using the in vitro progeny of 

a single “mother” plant received from the wild (G1 genetic line).     

3.4.2 Effect of plant material age  

There was no significant difference in survival and regrowth percentage after 

cryopreservation amongst shoot tips excised from 6, 12 or 21-day-old nodal segments (Fig. 11). 

However, shoot tips obtained from 21-day-old cultures produced fewer plants and showed a 

delayed response compared to plants developed from younger source materials (data not shown). 

Based on the above experiments, shoot tips were excised from 12-day-old nodal segments for 

future experiments.  

 

 

3.4.3 Effect of preculture treatment 

 

 Preculture of explants with 0.3 M sucrose overnight followed by 0.5 M sucrose for 4 h 

resulted in the highest survival and regrowth rates after cryopreservation (Fig. 12). Limiting 

preculture to 0.3 M or 0.5 M sucrose alone reduced both survival and regrowth by approximately 

20% and 12% respectively. Increasing the sucrose concentration at the final step of preculture to 

0.7 M also resulted in lower response, 64% regrowth, after cryopreservation compared to 0.3-0.5 

M treatment which was 81% regrowth (Fig. 12).  
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3.4.4 Effect of vitrification solution treatment  

 

The effects of two vitrification solutions A3 and PVS3 on survival and regrowth after 

cryopreservation were similar. Both solutions had higher regrowth following treatment for 40-

100 min (Fig. 13). The highest post-cryopreservation regrowth of 66% and 70% was recorded 

after 40 min treatment with VS A3 on ice and 60 min treatment with PVS3 at room temperature, 

respectively. There were no significant differences in plant response between the two solutions 

(p > 0.05). After 60 min treatment in PVS3, some detrimental effects on survival and regrowth 

were observed while regrowth of VS A3-treated shoot tips remained above 60% even after 100 

min of exposure (Fig. 13). Based on these results, treatment with VS A3 for 40 min on ice was 

considered optimal and was used in all subsequent experiments. 

 

3.4.5 Unloading  

Unloading was crucial for shoot tip survival after cryopreservation. Without unloading, 

survival and regrowth was 43% and 16% respectively compared to 74% and 66% recorded after 

unloading with 0.8 M sucrose for 30 min (Fig. 14). Increasing sucrose concentration in 

unloading solution to 1.0 and 1.2 M reduced survival and regrowth of cryopreserved shoot tips 

while step-wise unloading treatment had no significant effect.  

Shoot tips that survived cryopreservation produced single or multiple healthy shoots (Fig. 

10F) that were multiplied by nodal cuttings. Nearly 50 plants could be obtained from one 

cryopreserved shoot tip within 3 months.  

Neither control nor cryopreserved shoot tips reliably developed roots in vitro . Some 

plants produced pale, thin roots with what appeared to be haustoria, but were unable to survive 

when transferred to greenhouse conditions. By contrast, when plants were transferred to a mist 
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bed after being treated with rooting powder, 100% de novo root formation was recorded (Fig. 

10H), and all plants were successfully acclimatized ex vitro as confirmed by visible stem 

elongation and formation of new leaves (Fig. 10I). 

In March 2016, 100 plants developed from cryopreserved shoot tips of G1 genetic line 

were shipped to a nursery located in Fort Rodd Hill, British Columbia, Canada in order to re-

introduce them back into the environment. Plants survived the transit and by August 2016, at 

least 20 plants had started to flower (Fig. 10J).        

 

3.5 Discussion 

Ex situ conservation using seeds and/or in vitro  propagated material is a valuable 

component for a comprehensive strategy to protect endangered plant species (Pence, 2010). 

Cryopreservation of meristematic organs such as shoot apices, axillary or dormant buds provides 

an alternative conservation option for seedless species, plants that produce recalcitrant seeds, and 

in cases when seeds cannot be collected due to natural (e.g. low or irregular seed production, 

geographically remote habitat) or legal restrictions. In recent years, concern towards the 

conservation status of C. levisecta in Canada has been increasing as the population size has faced 

dramatic decline during the past 20 years (COSEWIC, 2007), and propagation by seed has 

limited ability to increase the natural population (U.S. Fish and Wildlife Service, 2007). 

However, seed cryopreservation does not appear to be a viable option for the golden paintbrush 

due to inconsistent germination even though the preliminary results showed that germination of 

cryopreserved seeds under in vitro was same as control. To facilitate conservation efforts for the 

species, a reliable cryopreservation method to conserve available genetic resources of C. 

levisecta was developed using shoot tips derived from in vitro propagated plants. 
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In a multi-step process such as cryopreservation, success is highly dependent upon 

optimization of various stages of material treatment including: preculture, osmoprotection, 

exposure to vitrification solutions and subsequent unloading to remove cryoprotectants and 

rehydrate the explants (Sakai & Engelmann, 2007). Preculture with osmotically active 

compounds, mostly sugars and polyalcohols, is frequently used to alter cell metabolism to induce 

both dehydration and cold tolerance (Turner et al., 2001a; Panis et al., 2002).  In our study, 

sequential preculture of shoot tips in sucrose solutions with gradually increasing concentrations 

(from 0.3 to 0.5 M) provided the highest survival and regrowth rates after cryopreservation.  In 

comparison, preculture with 0.3 M sucrose for 24 h was effective for cryopreservation of shoot 

tips of the Canadian endangered tree Betula lenta (Rathwell et al., 2016), an endemic Portugese 

species Plantago algarbiensis (Coehlo et al., 2014), as well as for nodal segments of Centaurium 

rigualli, an endangered endemic species of the Iberian Peninsula (González-Benito et al., 1997). 

Similarly, preculture with 0.25 M sucrose for 24 h resulted in the highest post-cryopreservation 

regrowth of shoot tips and axillary buds for two endangered Hypericum species from Romania 

(Coste et al., 2012). A Two-step sucrose pretreatment (0.72 M for 72 h followed by 0.75 M for 

96 h) was used for shoot tips of Cosmos atrosanquineus (Wilkinson et al., 2003). Alternatively, 

3-day preculture on 0.8 M glycerol was found effective for cryopreservation of shoot tips of six 

endangered Australian species from the Haemodoraceae family (Turner et al., 2001b).  In 

general, plant material with little or moderate tolerance to dehydration requires a longer period of 

preculture with moderately high concentrations of sucrose ranging from 0.2 to 0.5 M (Sakai and 

Engelmann, 2007; Popova et al., 2015). For very sensitive materials, such as small-sized shoot 

tips or hairy roots, step-wise preculture in media with gradually increasing sucrose concentration 

is beneficial (Kim et al., 2012; Popova et al., 2015). In this study, preculture with 0.3 M sucrose 
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overnight followed by 0.5 M sucrose for a few hours was sufficient to prepare the shoot tips for 

subsequent treatments with more concentrated cryoprotectant solutions. Reduced regrowth after 

preculture with 0.7 M sucrose indicated that osmotic effect of sucrose at this concentration was 

already stressful to shoot tips. The data presented in Fig. 12 supports the concept that balancing 

the sucrose concentration during the initial steps of the protocol, such as preculture, is important 

for successful regrowth of the explants for completing the whole cryopreservation procedure. 

 

Treatment with vitrification solutions is the most critical step during the droplet-

vitrification procedure (Kim et al., 2009b). This treatment aims to provide sufficient dehydration 

and cryoprotection of the samples while maintaining their viability.  

In this study, shoot tips of C. levisecta demonstrated high tolerance to VS as their regrowth 

remained high at 100 min of treatment with concentrated VS A3 and PVS3. By contrast, 

optimum duration of treatment with another widely-applicable four-component solution, plant 

vitrification solution 2 (PVS2), was found to be 10 min for Lomandra sonderi shoot tips (Menon 

et al. 2014), 20 min for shoot tips of Teucrium polium (Rabba’a et al., 2012), and 10-15 min for 

shoot tips and nodal segments of Hypericum richeri ssp. transsilvanicum and H. umbellatum 

(Coste et al., 2012). Longer exposure (25 min) to modified PVS2 was effective for 

cryopreservation of the Australian endangered plant Conostylis dielsia ssp. teres, C. micrantha, 

C. wonganensis, Anigozanthos viridis ssp. terraspectans, A. humilis ssp. chrysanthus and A. 

kalbarriensis (Turner et al., 2001b). For shoot tips of other species, such as Androcalva perlaria  

and Betula lenta, exposure time could be increased to 30 min and 60 min, respectively (Whiteley 

et al., 2016; Rathwell et al. 2016) if the treatment was performed on ice to reduce cryoprotectant 

toxicity (Sakai & Engelmann, 2007). Explants of some species may be particularly sensitive to 
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the toxic effects of penetrating cryoprotectants. i.e. ethylene glycol and dimethylsulfoxide, which 

are essential components of VS A3 and  PVS2 (Kim et al., 2009b). For such materials, 

modification of the traditional four-component solutions to reduce concentrations of EG and 

DMSO (Turner et al., 2001b; Kim et al., 2012) or the use of two-component cryoprotectant 

solutions composed of only glycerol and sucrose, such as PVS3, may be beneficial. However, in 

the case of C. levisecta, there were no significant differences between the effects of two VS with 

and without EG and DMSO.  

During the unloading step, the process is reversed as samples are gradually rehydrated 

while toxic cryoprotectants are removed from the tissues (Sakai & Engelmann, 2007). Along 

with VS treatment, unloading is critical for post-cryopreservation survival and regrowth, 

particularly if cryoprotectant treatments contain DMSO. For example, for B. lenta reducing the 

concentration of unloading solution from 1.2 M to 0.8 M sucrose improved regrowth from 40% 

to 52% for shoot tips, respectively. By contrast, decreasing duration of the unloading step from 

30 min to 15 min reduced regrowth by approximately 30% (Rathwell et al., 2016). Unloading 

with 1.0 M sucrose for 20 min was efficient for Androcalva perlaria and Lomandra sonderi 

shoot tips (Menon et al., 2014; Whiteley et al., 2016). In the study by Turner et al. (2001b) on 

Australian species, cryopreserved shoot tips were washed for 12 min in 1.0 M sucrose, and 

solution was changed 3 times during the procedure. In our study, however, step-wise decrease of 

sucrose concentration in unloading solution had no effect on regrowth while increasing of 

solution concentration was detrimental. It is possible that use of a lower concentration of 

unloading solution facilitates rehydration and removal of toxic cryoprotectants from samples and 

thus is beneficial for subsequent regrowth. 
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3.6 Conclusion 

In conclusion, the results of these experiments represent for the first time a successful 

cryopreservation protocol for C. levisecta, an endangered plant species in Canada and USA and 

considered to be critically imperilled globally. Our study demonstrates the importance of 

optimization of individual steps within a cryopreservation procedure. We also show that plants 

developed from the cryopreserved samples can be further propagated in vitro , acclimatized in a 

greenhouse and returned to their native habitat.  This study provides a valuable tool to help 

ensure the long term survival of this species and reintroduce it into the wild.  This approach of in 

vitro micropropagation and cryopreservation is currently being applied to establish a  

comprehensive collection of a range of endangered species at GRIPP in Canada and increasing 

number of institutions around the world. 
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Fig. 11. A – A flowering plant of Castilleja levisecta Greem. in its natural habitat in Fort Rodd 

Hill, Victoria, BC (Canada). Plant height is approx.. 12 cm. B – Single nodal segments used for 

plant propagation in vitro . C – In vitro  propagated 4-week-old plants. D – Individual shoot tips 

in drops of vitrification solution A3 on a foil strip prior to immersion in liquid nitrogen. E – Shoot 
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tip regrowth after cryopreservation. F, G – Development of multiple shoots from the cryopreserved 

shoot tips. Scale in G = 1 mm. H – Ex vitro rooting. I – Plants from cryopreserved shoot tips 

growing in a greenhouse. J – Plants reintroduced in their natural habitat. Plant height is approx.. 

12 cm. 

 

 

Fig. 12. Survival and plant regrowth of cryopreserved Castilleja levisecta shoot tips excised from 

plant material of three different ages. No significant differences in survival and regrowth were 

observed between different age groups (p = 0.05). Shoot tips were precultured with 0.3 M sucrose 

for 17 h followed by 0.5 M sucrose for 5 h, osmoprotected for 40 min then treated with VS A3 for 

40 min on ice and cryopreserved using a droplet-vitrification method. Unloading was performed 

in 0.8 M sucrose. 
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Fig. 13. Effect of preculture treatment on survival and regrowth of cryopreserved Castilleja 

levisecta shoot tips. After preculture, shoot tips were osmoprotected for 40 min then treated with 

vitrification solution A3 for 40 min on ice and cryopreserved using a droplet-vitrification method. 

Unloading was performed in 0.8 M sucrose. Values marked by different letters are significantly 

different at p = 0.05 (Duncan`s MRT). Small and capital letters refer to the significant differences 

among regrowth and survival, respectively. 
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Fig. 14. Effect of treatment with vitrification solutions A3 vitrification solution composed of 

37.5 % glycerol + 15 % dimethylsulfoxide (DMSO) + 15 % ethylene glycol (EG) + 22.5 % 

sucrose, w/v (A) and vitrification solution PVS3 composed of 50% glycerol and 50% sucrose, 

w/v (B) on survival and regrowth of cryopreserved shoot tips of Castilleja levisecta. Shoot tips 

were precultured with 0.3 M sucrose for 17 h followed by 0.5 M sucrose for 5 h, osmoprotected 

for 40 min then treated with vitrification solutions for various durations and cryopreserved using 

a droplet-vitrification method. Unloading was performed in 0.8 M sucrose. Values marked by 

different letters are significantly different at p = 0.05 (Duncan`s MRT). Small and capital letters 

refer to the significant differences among regrowth and survival, respectively. 
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Fig. 15. Effect of unloading treatment on survival and regrowth of cryopreserved shoot tips of 

Castilleja levisecta. Shoot tips were excised from 12-day-old plants and precultured in 0.3 M 

sucrose solution for 24 h followed by 0.5 M sucrose solution for 5 h. Precultured shoot tips were 

osmoprotected for 20 min and dehydrated in VS A3 on ice for 40 min then cryopreserved using 

droplet-vitrification method. In Survival and Regrowth groups, values followed by different letters 

show significant difference at α = 0.05 (Duncan MRT). Small and capital letters refer to the 

significant differences among regrowth and survival, respectively. 
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4.0 Summary and Future Directions 

 

Golden paintbrush (Castilleja levisecta Greenm.) is a hemi-parasitic herbaceous perennial 

native to the Pacific Northwest of North America with only two extant populations from eight 

locations in Canada. Around 3,360 flowering plants remain in the wild, representing a decline of 

about 25% over the past 10 years (COSEWIC, 2007).  Golden paintbrush is unable to naturally 

reproduce asexually and exhibits low germination rates, making it difficult for dwindling 

populations to recover without intervention (Dunwiddie et al., 2013). Herbivory and trampling, 

spring, early-summer mowing, loss of habitat and competition with native and nonnative woody 

plants are the main reason for its decline (COSEWIC, 2000; Caplow, 2004).  

The results of the current study represent the first reported in vitro propagation system for 

golden paintbrush, the first method for cryopreservation of shoot tips, and the first application of 

these techniques for re-establishment in the natural habitat (Conservation Nursery in Fort Rodd 

Hill, Canada).  The rationale for selecting golden paintbrush to be the subject of this study was 

due to the drastic decline of the Canadian population, which in turn led COSEWIC (2007) to list 

these individuals as endangered. Plant tissue culture and cryopreservation technologies offer an 

excellent opportunity for rapid propagation and long-term conservation of endangered species, 

while also providing a vital source of material for further research.  This study demonstrated that 

in vitro propagation of golden paintbrush could be accomplished by optimizing nodal segment 

culture initiation, shoot multiplication, rooting, and acclimatization in greenhouse conditions. 

Interestingly, the attempts at in vitro rooting and plant development failed. However, well-

developed shoots produced healthy roots when they were transferred to soilless potting mix and 

maintained on a mist bed in a greenhouse with or without use of rooting powder. Maintenance of 

high humidity during the ex vitro propagation process was necessary due to the sensitivity of  
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golden paintbrush to dissection. These observations may facilitate the development of strategies 

for ex vitro rooting of many related or unrelated species of endangered plants. 

Conservation at cryogenic temperatures, usually in liquid nitrogen (LN, -196°C), ensures genetic 

and biochemical stability of plant material for long periods using minimum space and with 

limited maintenance (Engelmann, 2004; Reed et al., 2011).  A cryopreservation protocol for 

golden paintbrush using shoot tips initiated from in vitro cultured plants was achieved. Based on 

these experiments, droplet vitrification appears to be an ideal method for cryopreservation of 

golden paintbrush shoot tips collected from in vitro grown shoots, as this process is easy to 

perform, takes less time compared with other methods, and is cost effective. Plants derived from 

cryopreserved tissues were successfully rooted, acclimated in a greenhouse, and reintroduced in 

a naturalized propagation area at the Conservation Nursery at Fort Rodd Hill, Canada. This is the 

first report describing the cryopreservation technology for conserving and re-introducing this 

critically imperiled species in nature. Cryopreservation protocols developed can be used to store 

materials long term, should anything happen to the current Canadian population. As such, this 

research will help to maintain and build the existing golden paintbrush populations in Canada by 

quickly producing large quantities of plants through micropropagation.  

 

In addition to the above, the results of this study have opened a large area for potential research 

and investigation on golden paintbrush. Development of cryopreservation methods for seed and 

pollen will help to ensure a broader representation of the genetic diversity is conserved 

indefinitely and should be conducted in the future.  This can be coupled with micropropagation 

to produce a large number of plants from the limited amount of seed available while maintaining 
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genetic diversity.  Pollen conservation would enable future researchers to re-introduce lost alleles 

without sacrificing seed from the small populations. 

 

Golden paintbrush is not a well-studied plant, therefore a great deal of work need to be done in 

the future to better understand the habitat requirements, life cycle, growth and development of 

this species. Given certain species from the same genus have medicinal values such as Castilleja 

tenuiflora, future works should investigate whether golden paintbrush contains biologically 

active compounds that may be of importance to the pharmaceutical or natural health products 

industry. Given golden paintbrush is a hemi-parasitic plant, the establishment of this species 

under in vitro conditions can provide new opportunities for researchers studying the relationship 

between the plants and microbes.  

In conclusion, the research presented in this thesis demonstrates the usefulness of in vitro 

technologies for propagation and cryopreservation of an endangered plant species. Integration of 

micropropagation and cryopreservation methods holds tremendous potential for developing long-

term conservation programs for many Canadian endangered and economically important plants. 

The over-all success achieved with golden paintbrush may serve as a model for conservation of 

species currently being investigated in Canada, particularly at the Gosling Institute for Plant 

Preservation (GRIPP) and other institutions globally.  
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