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ABSTRACT
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Dr. Praveen Saxena

American chestnut (Castanea dentata) is an endangered species in Canada. The population
of American chestnut trees declined significantly due to the invasion of a fungal pathogen causing
chestnut blight. American chestnut requires efficient strategies for propagation and preservation
for species recovery. An in-vitro technology using liquid-based temporary immersion system (TIS)
was developed for micropropagation of American chestnut. Optimum shoot growth was obtained
in DKW (Driver and Kuniyuki Walnut) medium supplemented with 2.2 µM 6-benzylaminopurine
and 1.0 µM gibberellic acid. Maximum microshoots developed roots on medium comprised 15.0
µM 3-Indolebutyric acid. A cryopreservation protocol was developed through droplet vitrification
of shoots for germplasm preservation. Optimal regeneration of shoot tips was achieved by
preculturing explants on stepwise concentrations of sucrose and subsequent dehydration in PVS3
for 30 min. These protocols may facilitate propagation and long-term preservation of American
chestnut and possibly other woody plant species.
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1 Chapter 1: Literature Review
1.1 Introduction
Castanea dentata (Marshall) Borkh, commonly referred to as American chestnut, is native to
eastern North America. It is an economically important hardwood tree valued for its versatile
lumber and nutritious nuts. It was a dominant forest tree before being devastated by the blight
caused by the fungal pathogen Cryphonectria parasitica (Murr.) Barr (Saucier, 1973; COSEWIC,
2004). American chestnut has been classified as an endangered species according to the Species
at Risk in Ontario (SARO) and is currently under the protection of the Recovery Strategy for the
American Chestnut (Castanea dentata) in Ontario by the Government of Canada (Boland et al.,
2012). The number of remaining trees across southern Ontario is rather limited and the need of
conservation and preservation to ensure long-term persistence of this species is urgent (Van
Drunen et al., 2017).

1.2 Description
American chestnut is a large, monoecious, deciduous hardwood tree. It is a long-lived tree
species that can survive hundreds of years. American chestnut trees can reach a height of 35 ft in
20 years and continue to grow to 115 ft in height and 5 ft in diameter (USDA, 2019; Boland et al.,
2012).
American chestnut is a dicot flowering tree that produces edible nuts. It grows straight canoelike leaves in a yellow-green color with a lance shaped tip and a serrated edge (TACF, 2019;
USDA, 2019). Leaves are 15 to 30 cm in length and 5 to 10 cm in width with a smooth (lacking
hairs) leaf surface (Oakes, 2015; COSEWIC, 2004)). Twigs are slender and hairless with small
white lenticels (TACF, 2019). The twigs are generally smooth in a reddish-brown color and
somewhat lustrous (Saucier, 1973). The buds are about 6 mm long, smooth, reddish-brown to dark
green, and extend out from the stem (TACF, 2019). The pith is star-shaped and the bark is dark
brown with vertical fissures that spiral around the trees (Saucier, 1973).
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1.3 Taxonomy
American chestnut is a member of the Fagaceae or Beech family. There are 14 species of trees
and shrubs belonging to the genus Castanea. American chestnut is closely related to Chinese
chestnuts (C. mollissima Blume. and C. davidii Dode.), Japanese chestnut (C. crenata Sieb.), and
European chestnut (C. sativa Mill.), while only American chestnut is native to Canada (Boland et
al., 2012; Farrar, 1995). Other related species includes Henry Chinquapin (C. henryi Skan.), Ozark
Chinquapin (C. ozarkensis Ashe.), Seguin Chestnut (C. seguinii Dode.) and Allegheny Chestnut
(C. pumila Mill.) (Boland et al., 2012). Among all the chestnut varieties, Chinese and Japanese
chestnut have shown some resistance to chestnut blight, while American and European chestnut
are disease-susceptible cultivars. The disease-resistant cultivars have been selected to crossbreed
with American chestnut to create hybrids in breeding programs (Hiremath et al., 2007).

1.4 Geographic Distribution
American chestnut is a native species limited to eastern North American. This species used to
cover over 200 million acres of forests within the range, extending from central Maine to southern
Ontario and Michigan, and south to Georgia, Alabama, and Mississippi (COSEWIC, 2014; TACF,
2019; Figure 1.1). American chestnut made up 25% of the canopy of deciduous forests, which
made it a dominant tree species in the history of United States before the introduction of the blight
(Kuhlman, 1978). The fossil beds verified the existence of chestnut on Long Island at least 30,000
to 50,000 years ago (Anagnostakis and Hillman, 1992).
In Canada, American Chestnut is only found in southwestern Ontario, throughout the
Carolinian Zone (Deciduous Forest Region) between Lake Erie and Lake Huron (Environment
and Climate Change Canada, 2019; COSEWIC 2005). The Species Recovery Strategy
(Endangered Species Act, 2007) shows the species range extend west to Windsor and east to
Niagara Fall.
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Figure 1.1 The native range of the American chestnut in North America. Reprinted from Natural
Range of the American Chestnut Tree, in The American Chestnut Foundation, n.d., Retrieved
from https://www.acf.org/the-american-chestnut/native-range-map/

3

Figure 1.2 Current 201 critical habitat for American chestnut in southern Ontario, Canada. Each
square on the map represents a 1 x 1 km units where a critical habitat is located (Environment
and Climate Change Canada, 2019).
4

1.5 Habitat
American chestnut naturally grows in a variety of soil and topographic conditions but
generally prefers well-drained, acidic sandy soils in deciduous forests (Government of Ontario,
2018). The preferred soil pH ranges from 5.5 to 6.5 and precipitation ranges from 35 to 60 inches
with a minimum tolerance temperature of - 33oC (USDA, 2019). In Canada, American chestnut
generally grows in upland forests, woodlands, and treed cliffs within southern Ontario, where the
frost-free period is relatively long (140-180 days) with a moderate temperature ranges from -29 to
41C (Ambrose and Aboud, 1986, COSEWIC, 2004; Tindall et al., 2004). A dense canopy is an
essential condition for American chestnut in Ontario (Tindall et al., 2004). Other commonly found
species in the natural habitat of American chestnuts include oak species [Red oak (Quercus rubra
L.) or white oak (Q. alba L.)], maple species [sugar maple (Acer saccharum Marsh.) or red maple
(A. rubrum L.)], black cherry (Prunus serotina Ehrh.), American beech (Fagus grandifolia Ehrh.),
white ash (Fraxinus americana L.), and sassafras (Sassafras albidum Nutt.) (Ambrose and Aboud
1986, COSEWIC, 2004; Tindall et al. 2004).
The Environment and Climate Change Canada have identified 201 critical habitats for the
American chestnut in Canada in 2019 (Environment and Climate Change Canada, 2019; Figure
1.2). Critical habitat is a geographic area that contains essential features that are suitable for
survival or recovery of an endangered or threatened species, listed in Species at Rick Act
(Environment and Climate Change Canada, 2019). The most suitable habitats for American
chestnut in Ontario are described as: 1) acidic to neutral soils; 2) well-drained sandy soil or gravelly
soils; 3) high canopy cover that exceeds 70% (Environment and Climate Change Canada, 2019).

1.6 Life cycle and Reproduction
The American chestnut tree is monoecious (both the male and female flowers exist on the same
tree) and is capable to self-pollination, but it usually requires cross-pollination for fruit set due to
self-incompatibility (Oakes, 2015). Flowers usually bloom in late spring or early summer (Boland
et al., 2012). Most male flowers are tiny and abundant along the catkins; female flowers form in
small clusters at the base of some catkins or are singly arranged (TACF, 2019). Female flowers
are ready for insect pollination once the anthers and the styles emerge on the bushy Catkins (TACF,
5

2019). The female white flowers develop into a prickly green bur in autumn after cross pollination,
enclosing typically three brown sweet nuts at maturity over the growing season (COSEWIC,
2004). Seeds can remain viable for 3.5 years under mist storage conditions provided by falling
leaves or buried by squirrels; otherwise seeds will dry out in nature and lose viability (COSEWIC
2004; USDA, 2019).
The American chestnut reproduction cycle is preceded by the seedling establishment in the
understory for obtaining a suitable position in the canopy after disturbance (Paillet, 1994).
Chestnut trees prefer to build up populations in the understory of oak-dominated forests (Paillet,
1994) and begin to produce seeds as early as 8 years of growth (Boland et al., 2012).

1.7 Historical uses of American Chestnut
American chestnut is a versatile tree species with great economic importance in the history due
to its lumber and nuts. Their tree trunks were once used as one of the most favored and durable
wood for construction, fences, rails, telephone poles, shingles, paneling, trim, furniture, railroad
ties, ship masts, coffins, musical instruments, pulp, plywood, and firewood (Ashe, 1911; Detwiler,
1915; Emerson, 1850; Zeigler, 1920). In addition, American chestnuts produce delicious nuts
widely consumed by humans and a range of wildlife as the source of nutrition.
American chestnut trees have been a perfect source of lumber and tannins. The wood grows
straight and is rot resistant. American chestnut lumber production in 1899 was 906.7 million board
feet and 55,301 tons of tannins were extracted from 237 million board feet of chestnut woods in
1923 (Saucier, 1973). More than 25 percent of the total poles used in construction of infrastructures
for telephone, telegraph, and power companies in 1928 were made from chestnut timbers (Saucier,
1973). The estimated value of chestnut timber with 663.9 million board feet lumber production in
1909 was $20 million according to the United States Forest Service (Kuhlman, 1978; Saucier,
1973). In addition, American chestnut bark and wood were the primary resource of tannin extract
for the leather industry in the United States before extinction of these trees caused by the chestnut
blight (Saucier, 1973).
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Nut production from American chestnuts was and continues to be profitable for growers due
to high nutritional value of the nuts. Although chestnut production had significant economic
influence in the past, documentation of the quantity of chestnut harvested is largely missing. In
addition to be a food source for humans, chestnuts are important food source for livestock and
wildlife as well. According to USDA Foreign Agriculture Service, approximately 4,500 tons of
chestnut valued at 6.7 million US dollars were imported from Europe and Asia to America in 1987
for domestic nuts consumption (Stebbins, 1997). The total value of chestnut import to United
States exceeded $20 million annually (Hochmuth et al., 2012).

1.8 Threats to American chestnut
1.8.1

Blight

The main threat to American chestnut is the chestnut blight, caused by an introduced fungus
[Cryphonectria parasitica (Murr.) Barr]. The first infected trees were observed at the Bronx Zoo,
New York City in 1904 through the introduction of Asian nursery stock (Anagnostakis, 1982). The
blight rapidly spread and wiped out 99% of the native mature American chestnut throughout North
America including Ontario in the subsequent decades (Jabr, 2014). The blight invaded Ontario in
the early 1920s and caused a devastating effect on American chestnut population in Canada
(COSEWIC, 2004). It changed the destiny of American chestnut from a locally dominant forest
tree to scattered residual species within the last century. American chestnut was designated as
threatened species in 1987 by The Committee on the Status of Endangered Wildlife in Canada
(COSEWIC) and re-designated as endangered on the Species at Risk in Ontario (SARO) in 2004
(COSEWIC, 2004; Government of Ontario, 2018).
Cryphonectria parasitica is a bark pathogen that only affects the above-ground tree parts. It
penetrates into the bark through fresh wounds or growth cracks (Roane et al., 1986). The
susceptible hosts typically produce perennial necrotic lesions (also called cankers) on the bark of
stems, branches, and twigs, eventually leading to wilting over years until mortality (Rigling and
Prospero, 2018). The infected young stems or branches are generally orange to reddish-brown on
the surface, while older stems or branches are less pronounced until longitudinal splits appear on
the bark (Diller, 1965). The most susceptible species among chestnuts is the American chestnut,
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followed by other Castanea species. Alternate incidental hosts of Cryphonectria parasitica include
oaks (Quercus spp.), maples (Acer spp.), European hornbeam (Carpinus betulus L.) and American
chinkapin (Castanea pumila L. Mill.) (Diller, 1965; Dallavalle and Zambonelli, 1999; Paillet,
1993).
Currently, there are no efficient methods to eradicate the C. parasitica in American chestnut.
The existing management of chestnut blight is mainly focused on backcross breeding programs,
which interbreed the disease-susceptible American chestnut with disease-resistant Chinese
chestnut (Clark et al., 2019). Hybridization can improve some level of resistance to the American
chestnut; however, it also has high potential to threaten the American chestnut by genetically
swamping the native genes (COSEWIC, 2004). Due to the ecological, economic, and cultural
importance of the American chestnut, it is necessary to develop efficient strategies to establish
large populations of potentially disease-free trees for species conservation.
1.8.2

Loss of individuals

Loss of habitat is another significant impact for American chestnut. Urbanization and
deforestation for farming has dramatically reduced the natural habitat of the American chestnut.
Chestnut species have been cleared by unsustainable logging and also suffered from herbicide
spraying along the roadside under urban planning (Burke, 2011; Environment and Climate Change
Canada, 2019).
Continuing loss of habitat eventually results in isolated individuals with lack of reproduction
ability. The American chestnut requires cross-pollination within a pollen-dispersal distance to
produce fertile seeds. However, the potential reproduction in native chestnut species is
dramatically reduced or prevented by the isolated existence of trees. In addition, most American
chestnut trees failed to reach reproductive stage due to the widespread occurrence of chestnut
blight.

1.9 American Chestnut Population Status in Ontario
In late 1900s, there were several reports documenting the distribution of American chestnut
populations in north America. McKeen (1985) showed that there were 60 trees without obvious
8

blight within the ordinal range and the DBH (Diameter at breast height) ranges from 8 to 63 cm
(McKeen, 1985). Ambrose and Aboud (1986) and Boland et al. (1997) reported that there were
151 trees with DBH higher than 10 cm, excluding numerous stump sprouts. However, these
documents did not accurately reflect the population value due to varied objectives, standard of
measurements, and procedures employed in the assessment.
Currently, the population of American chestnut within Canada is relatively small. Tindall et
al. (2004) confirmed the population of American chestnut through a standardized survey which
showed that there were at least 601 mature and immature individuals within 10 counties in southern
Ontario from 2001 to 2002. In this survey, data showed that 80 percent of trees were small (< 20
cm DBH) and only 14 percent of assessed trees were reproductive with the presence of catkins or
burrs. Blight symptoms occurred in 25 percent of trees with signs of blight cankers (Tindall et al.,
2004). A more recent survey compared these earlier results with data obtained in 2014 to 2015
following the same standard protocol (Van Drunen et al., 2017). There were 781 chestnut trees
found in 12 counties across southern Ontario in 2015 with diameter at breast height ranges from <
2 to 77.8 cm. The incident of blight (36%) increased while the reproductive population (11%)
decreased since the 2001-02 survey (Van Drunen et al., 2017). Clearly, the American chestnut
population is declining in Ontario and efforts must be made to increase their numbers in order to
save this species from extirpation.

1.10 Recovery and Conservation of American Chestnut
Due to the endangered status of American chestnut, the Government of Canada has adopted
the Recovery Strategy for the American Chestnut (Castanea dentata) in Ontario to support its
conservation. The federal, provincial, and territorial governments of Canada promised to work
together to recover the American chestnut throughout Canada (Environment and Climate Change
Canada, 2019). The goal of the recovery strategy aims to restore American chestnut population to
a self-sustaining status through methods of maintaining the natural recruitment as well as
expanding the current population size within the native range. The recovery strategy guides actions
include monitoring the known population and suitable habitats, promoting public awareness
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towards the protection of American chestnut, managing the threat control, and conserving
germplasm from disease-free trees (Boland et al., 2012).
Conservation efforts should be put into practice to increase the American chestnut population
within their native range. Growing American chestnut through seeds could be an option for
establishing new recruitment; however, it is an inefficient method for recovery of American
chestnut due to limited seed germination and low establishment in the understory, caused by low
light intensity under high canopy cover (Belair et al., 2014). In addition, native reproductive trees
are geographically isolated with self-incompatible breeding parents that produce limited viable
pollen (Van Drunen et al., 2017; Environment and Climate Change Canada. 2019). Also, the
seedlings generally need 10 to 20 years to grow from a seed to be a reproductive tree (TACF,
2019). Vegetative propagation, such as grafting, layering, and cutting, is possible to maintain the
standard characteristics of a wide population. However, it is a time-consuming process for
propagation since highly skilled, experienced personnel are required and there is a high risk of
incompatibility in graft unions (Pina and Errea, 2005). Therefore, traditional propagation systems
of American chestnut are not efficient for a large-scale production of plants from selected
genotypes in a breeding program. In this case, micropropagation of selected and desirable
genotypes can be used as a viable option to reproduce clonal chestnut cultivars for rapid
propagation as well as long-term conservation of American chestnut.

1.11 Micropropagation
Micropropagation is a highly effective tool to rapidly clone plants at a large scale from limited
stock material under controlled and aseptic environment (Hussain et al., 2012). It produces
physiologically and genetically uniform plant populations. The tissues or organs from the mother
plant, such as shoots, meristems, leaves, and nodes, are selected as the primary explant and cultured
on a nutrient medium with an objective of enhancing multiplication within a short time and limited
space (Engelmann, 2011; Hussain et al., 2012). Micropropagation also provides the advantage of
propagating contamination-free plant material and storing a living collection of germplasm over
long periods of time. Micropropagation is widely used in both research institutions and commercial
companies for rapidly producing large numbers of desired plant materials of economic significance
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in agriculture, horticulture and herbal medicine industries (El-Sherif, 2018; Ghosh, 2018).
Therefore, micropropagation may serve as an efficient and reliable method for maintaining and
redistribution of endangered plant species such as American chestnut.
Many woody species have proven to be recalcitrant with high requirements of specific culture
conditions for growth and development. Thus, micropropagation of several woody forest species
has not been successful for practical applications (Rathore et al., 2004). The challenges
encountered in micropropagation of trees include genetic variation, recalcitrant rooting, microbial
contamination, maturation and loss of material during hardening and an extensive optimization of
protocols is required to overcome these limitations (Rathore et al., 2004; Jain and Haggman, 2007;
Shukla et al., 2012). Despite the difficulties, micropropagation technology has been successfully
used for conservation, propagation and genetic improvement of fruit trees, forest trees, tropical
trees, landscape ornamentals, and plantation crops (Debergh and Zimmerman, 1990; Rathore et
al., 2004).

1.12 Micropropagation of American Chestnut
1.12.1 Explant Source and Culture Initiation
There are number of factors to be considered when selecting the explant source to initiate the
process of micropropagation. Explant type, age of plant, culture media, and culture methods for
micropropagation vary among different species of chestnut (Hussain et al., 2012). Tissues used for
micropropagation of American chestnut include seeds, shoots, axillary buds, shoot tips, nodal
segments and callus (Xing et al., 1999; Tetsumura and Yamashita, 2004; Kong et al., 2014;
Roussos et al., 2015; Holtz et al., 2016). The explants have been collected from a month-old young
seedling to adult reproductive chestnut trees. The culture methods of American chestnut involve
seed culture, embryo culture, and shoot culture. Different explant types often require additional
efforts to optimize standard micropropagation methods.
Immature zygotic embryos of American chestnut have been used as the explant to develop
somatic embryos (Carraway and Merkle, 1997; Xing et al., 1999; Merkel et al., 1991; Holtz et al.,
2016; Kong et al., 2014; Robichaud et al., 2004; Andrade and Merkle, 2005; Johnson et al., 2007).
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Other members of the genus Castanea, such as Castanea sativa and C. sativa x C. crenata, have
also been successfully micropropagated through somatic embryogenesis (Piagnani and Eccher,
1990; Ballester et al., 2001; Corredoira, 2002; Corredoira et al., 2003; González et al., 1985;
Vieitez et al., 1990; Vieitez, 1995; Vieitez, 1999). Agrobacterium-mediated transformation
method is also available for genetic transformation of somatic embryos of American chestnut
(Maynard et al., 2015; Polin et al., 2006).
Micropropagation of American chestnut through shoot culture has been reported (Xing et al.,
1997; Yang et al., 2009). In addition, nodal explants from seedlings or juvenile materials have
been successfully micropropagated in other species of Castanea including: Castanea crenata
(Tetsumura and Yamashita, 2004), C. sativa (Tafazoli et al., 2013; Roussos et al., 2015; Mullins,
1987), as well as hybrids (Soylu and Erturk, 1999). Micropropagation of mature shoots was also
successful in C. sativa and C.sativa x C. crenata shoot culture (Sanchez et al., 1997). Explant
materials from young seedlings generally showed higher rate of success in terms of multiplication,
shoot quality and rooting (Soylu and Erturk, 1999). The best explant collection period was found
to be early-June (Fila et al., 1993) or mid-June (Soylu and Erturk, 1999).
The first challenge associated with culture initiation and explant establishment involve
contamination of cultures. After excision from source plant, the explants are sterilized by
immersion in commercial bleach or ethanol to remove surface contamination followed by repeated
washing in sterile water and transfer to the aseptic plant tissue culture conditions for culture
initiation (Torres, 1988). Explants collected from field exhibit higher contamination rate than those
from a greenhouse (Ferrador et al., 2005). Browning of tissues is another serious factor that results
from the formation of phenolic compounds released from the wounded surface or as a side-effect
caused by the stress of surface sterilization (Lerch, 1981). The browning can be reduced by
frequently transferring the tissue to fresh medium avoiding buildup of phenolics (Torres, 1988).
Culture establishment often involves the use of plant growth regulators for multiple shoot
formation. For American chestnut, shoot initiation generally occurs on semi-solid basal medium
with a commonly used plant growth regulator: 6-Benzyladenine (BA). Xing et al. (1997) used
Murashige and Skoog (MS) basal medium (Murashige and Skoog, 1962) with the addition of BA
12

and Indolebutyric acid (IBA) for shoot initiation. Yang et al. (2009) initiated and maintained the
chestnut shoot cultures on Woody Plant Medium (WPM) (Lloyd and McCown, 1980) plus an
additional supplement of BA. For Castanea sativa or chestnut hybrids, most studies adopted either
MS medium or Gresshoff and Doy (GD) medium (Gresshoff and Doy, 1972) supplemented with
or without BA for promoting shoot formation (Vieitez et al., 1986; Sánchez et al., 1997; Gonçalves
et al., 1998).
1.12.2 Shoot Multiplication
The shoots that survive in culture initiation can be repeatedly subcultured for rapid
multiplication. The nodal segments are commonly used for shoot culture of woody plant species
such as chestnut (Tafazoli et al., 2013; Tetsumura and Yamashita, 2004; Roussos et al., 2015). A
single or multiple new shoot regenerate from axillary bud of the nodal segments and can be further
subcultured indefinitely until the desired number of plantlets is obtained (Torres, 1988). The shoot
multiplication rate is influenced by medium composition including types of basal salt mixture,
carbon source, and plant growth regulators.
1.12.3 Basal Salt Mixture
Tissue culture protocols of woody plant species commonly use three basal media including
Woody Plant Medium (WPM) (Lloyd and McCown, 1980), Driver and Kuniyuki medium (DKW)
(Driver and Kuniyuki, 1984), and Murashige and Skoog medium (MS) (Murashige and Skoog
1962). For Castanea dentata, existing research mainly used WPM as the basal medium for shoot
proliferation and elongation (Xing et al., 1997; Yang et al., 2008; Carraway and Merkle, 1997;
Kong et al., 2014). Additionally, WPM is also used for culturing other chestnut species, such as
Castanea sativa (Capuana and Lonardo, 2013). The MS is also a well-established basal salt
medium for chestnut micropropagation that has been successfully applied in European chestnut
(Tafazoli et al., 2013) and hybrids (San-Jose et al., 2001). MS medium with half-strength of nitrates
[MS(1/2 NO3)] was first used in Castanea sativa (Vieitez and Vieitez, 1983) and hybrids (Soylu
and Erturk, 1999), Japanese chestnut (Tetsumura and Yamashita, 2004), Chinese chestnut (Hou et
al., 2010), and European chestnut (Roussos et al., 2016). Carraway and Merkle (1997) found DKW
medium to be equally effective as WPM in American chestnut culture initiation and similar effect
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of DKW medium was observed in Japanese chestnut in culture establishment (Tetsumura and
Yamashita, 2004).
1.12.4 Carbon and Energy Source
The most frequently used carbon source in plant tissue culture media is sucrose. Since very
few plant cells or tissues in culture are fully autotrophic to supply their own carbohydrate through
photosynthesis, a carbohydrate source is supplemented exogenously into the culture medium for
tissue survival and growth (Torres, 1988). Carbon source used in micropropagation includes
sucrose, glucose and fructose. Sucrose has proven to be a superior source of carbohydrate for
micropropagated plantlets (Muslihatin and Ratnadewi, 2012). Micropropagated American
chestnut commonly use sucrose as the energy source (Serres et al., 1990; Yang et al., 2009; Oakes
et al., 2011; Xing et al., 1997). The concentration of sucrose is also a critical factor that impacts
the growth of in vitro plantlets. In chestnut species, 3% sucrose showed the best results for
multiplication, compared with fructose or glucose at concentrations of 1-4% (Vieitez et al., 2007).
This concentration (3%) is commonly used for chestnut species in all stages of micropropagation
(Vieitez et al., 2007; Osterc et al., 2005; Sanchez et al., 1997; Tetsumura and Yamashita, 2004).
1.12.5 Plant Growth Regulators (PGR)
Plant growth regulators play a crucial role in controlling plant growth, differentiation and
development (Gaspar et al., 1996). These organic substances are a group of chemicals that are
involved in plant physiological processes (Davies, 2013). Synthesized compounds with similar
physiological functions of plant hormones are classified as plant growth regulators (PGRs)
(Davies, 1995). The plant growth regulators can effectively modify plant growth, development and
reproduction, while their effects on cells, tissues, and organs in vitro are diverse, specifically
depending on genotype, culture conditions, and explant types (Gaspar et al., 1996). Generally,
there are five main PGRs: auxins, cytokinins, gibberellins, abscisic acid, and ethylene. Auxins and
cytokinins are commonly considered as the most essential hormones that contribute to growth
regulation and morphogenesis in plant tissue culture (Vasil and Thorpe, 1994). The concentration
of the PGRs can dramatically control the physiological responses in the target tissues, cells or
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organs (Davies, 2013). A number of studies have focused on optimization of the type and levels
of PGRs for chestnut micropropagation.
1.12.6 Shoot Initiation and Multiplication
Cytokinins are usually used to stimulate shoot formation, overcome apical dominance, promote
cell division and enlargement, and control morphogenesis (George et al., 2007). For shoot culture,
cytokinins are commonly supplemented to the basal medium for adventitious bud formation and
axillary shoots proliferation (George et al., 2007). Cytokinins used for chestnut micropropagation
includes

BA

(also

known

as

benzylaminopurine

(BAP)),

zeatin,

kinetin,

6-(γ,γ-

dimethylallylamino) purine (2iP), as well as, PGRs with cytokinin activity such as thidiazuron
(TDZ), and N-(2-Chloro-4-pyridyl)-N′-phenylurea (CPPU) (Yang et al., 2009; Tafazoli et al.,
2013; Roussos et al., 2015). Among these cytokinins, BA has been frequently used in chestnut
species, such as Castanea dentata, C. sativa, C. crenata, and C. mollissima (Tafazoli et al., 2013;
Tetsumura and Yamashita, 2004; Carraway and Merkle, 1997; Hou et al., 2010). Soylu and Erturk
(1999) found the most suitable BA concentration for shoot multiplication of chestnut hybrid was
1 mg/L supplemented in MS [1/2(NO3)] medium. Roussos et al. (2015) demonstrated that 2 mg/L
BA was the most effective level for multiplication of juvenile European chestnut. San-Jose and
Vieite (2001) reported that shoot elongation was observed by addition of 0.05 mg/L BA in GD
medium (Gresshoff and Doy, 1972). Capuana and Lonardo (2013) found that the presence of 0.44
μM BA in WPM medium in shoot culture of Castanea sativa was necessary for shoot recovery
after cold storage. Xing et al (1997) added the BA, ranging from 0.22 - 4.4 μM, to either MS or
WPM medium and successfully induced shoot initiation, multiplication and elongation in
American chestnut. TDZ is another effective cytokinin-like PGR for shoot development in
chestnut species. Tafazoli et al. (2013) showed higher frequency of callus formation and higher
shoot regeneration on TDZ supplemented medium than BA supplemented medium for European
chestnut. Yang et al (2009) reported a better performance of TDZ in shoot multiplication,
compared with zeatin and kinetin. According to Tetsumura and Yamashita (2004), zeatin was the
most effective cytokinin for Japanese chestnut with regard to survival rate, shoot number, shoot
length, and leaf number. Other cytokinins, such as kinetin, 2iP and CPPU, have been found to be
less effective as compared to BA, TDZ and zeatin (Yang et al., 2008; Yang et al., 2009; Roussos
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et al., 2015). Gibberellin acid (GA3) is another growth regulator that is occasionally used in culture
medium. GA3 is primary responsible for stem elongation through its effects on increasing the node
separation (Davies, 2013). The addition of GA3 to shoot multiplication medium stimulated shoot
elongation and produced higher number of longer shoots in woody species such as bullace (Reeves
et al., 1985), hazelnut (Diaz-Sala et al., 1990), macadamia nut (Mulwa et al., 2000), goldenseal
(Hall and Camper, 2002), olive tree (Chaari-Rkhis et al., 2006), tea (Gonbad et al., 2014), and
apple (Geng et al., 2016). In regard to Castanea species, GA3 had no significant effect in shoot
elongation when supplied with BA for C. henriyi (Xiong et al., 2018). The inclusion of 0.5 mg/L
GA3 did not influence shoot elongation for C. sativa (San-Jose et al., 2001). However, GA3 was
included in the shoot initiation medium (Mert and Soylu, 2008) and shoot multiplication medium
(Algül and Dalkılıç, 2013) in European chestnut micropropagation. The effects of GA3 in
micropropagation of American chestnut have not been studied yet.
1.12.7 Rooting
Auxin is supplemented to the nutrient media for root induction and formation after desired
number of shoots is achieved from shoot multiplication stages. The commonly used auxins for root
formation used in plant culture media includes indole-3-acetic acid (IAA), indole-3-butyric acid
(IBA), and 1-naphthalene acetic acid (NAA). IBA supplemented nutrient medium is most
commonly used for C. crenata, C. sativa, C. mollissima, C. dentata, as well as hybrids for inducing
in vitro rooting (Chauvin and Salesses, 1987; Sanchez et al., 1997; Vieitez et al., 2007; Xing et
al., 1997; Ballester et al., 2001; Hou et al., 2010; Roussos et al., 2015). A comparative study
examined the media supplemented with IBA or IAA at concentrations of 0.2 - 1.5 mg/L for root
development and demonstrated the best root formation and maximum root elongation in the
medium supplemented with 1.5 mg/L IBA (Tafazoli et al., 2013). For C. crenata, Tetsumura and
Yamashita (2004) observed the best rooting with half-strength broad-leaved tree medium (BW;
Sato, 1991) supplemented with 15 μM IBA. For C. sativa, Ferrador et al. (2005) found that the 1
mg/L IBA level in the GD medium was most effective for inducing rooting, while Roussos et al.
(2015) observed effective rooting with inclusion of 4 mg/L IBA in the rooting medium. IBA was
included in the rooting medium at 1-3 mg/L to stimulate root induction in C. sativa x C. crenata
(Chauvin and Salesses, 1987; Sanchez et al., 1997; Ballester et al., 2001). Microcuttings of
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American chestnut also required 5 or 10 μM IBA for root formation on half-strength MS basal
medium (Xing et al., 1997). In addition, NAA has also been successfully used for root formation
in C. dentata (Yang et al., 2008; Xing et al., 1999). However, diverse responses of root induction
were observed among the genotypes and even the cultivars (Miranda-Fontaíña and FernándezLópez, 2004; Xing et al., 1997).
1.12.8 Acclimatization and Transfer to Greenhouse
Plantlets with or without established roots in vitro can be transferred ex vitro into greenhouse
or field environment. In vitro raised plantlets are consistently supplemented with plant growth
regulators and maintained in a high humid environment under aseptic conditions for
micropropagation (Hazarika, 2003). The ex vitro environment, which has higher irradiance, lower
humidity and increased stress due to bacterial and fungal contamination than in vitro conditions,
can cause a considerable damage to micropropagated plantlets during transplanting (Hazarika,
2003). Therefore, most micropropagated plantlets need a period of acclimatization process in order
to ensure survival and successful establishment in soil. The mist bed can significantly improve
acclimatization of plantlets to gradually lower the humidity and light intensity, which is followed
by transfer to a greenhouse environment (Oakes, 2015).
1.12.9 Physical State of Culture Medium
The physical state of the medium is another factor that influences micropropagation of
chestnut. Currently, the majority of the chestnut micropropagation protocols were based on semisolid culture medium, supported by gelling agents such as agar and phytagel. However, there is
limited research on examining the influence of liquid culture media in various chestnut cultivars.
Troch et al. (2010) showed that culturing C. sativa in liquid media obtained significantly longer
shoots than those in the semi-solid medium. Similar results were obtained in the Calabash tree
with significantly taller plantlets and higher number of leaves in the liquid medium (Murch et al.,
2004). In the double phase culture media, axillary shoot length and shoot number were
significantly increased in C. sativa, C. crenata and hybrids (C. sativa x C. crenata) (Chauvin and
Salesses, 1987). Similar improvements of increased shoot proliferation and shoot length were also
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shown in a number of studies with the double-phase micropropagation technique (Viseur, 1985;
Kadota et al., 2001; de Oliveira et al., 2013).

1.13 Bioreactors
Liquid medium provides more advantages over semi-solid medium in micropropagation. The
use of semi-solid medium is more labour-intensive and requires repeated subculturing. Periodic
replacement of the semi-solid medium is necessary to maintain medium consistency of
supplemented nutrients due to exhaustion by the growing plants. The liquid culture system reduces
manual work and enables a more uniform environment, where the culture medium can be easily
changed and maintained. Besides, the commonly used gelling agent, such as agar, costs 10-20%
of the total expense of culture medium, which is more resource-intensive and expensive than the
use of liquid medium (Vyas et al., 2008). More importantly, plants have more accessibility to
medium components in the liquid medium facilitating a higher biomass production than that in
semi-solid medium. Number of comparative studies showed the advantages of liquid medium with
higher rate of production, multiplication, rooting, and leaf development in various species (Vyas
et al., 2008; Mbiyu et al., 2012; Pati et al., 2011). Therefore, liquid medium is considered an ideal
supporting medium for mass propagation and such large-scale cultures are usually carried out in
bioreactors.
Bioreactors are vessels filled with liquid medium for supporting growth of the cultures in
micropropagation (Yoeup and Chakrabarty, 2003). Bioreactors can be made of glass, plastic, or
steel with a wide range of size (0.5 – 500 L) for the growth of plant cells, organs, and tissues under
an optimized sterile environment. The application of bioreactor technology, controlled by
computer systems, is regarded as the ideal way to save labour, time, and costs in scaling-up the
production as well as achieving semi-automation (Yoeup and Chakrabarty, 2003). Bioreactors
were first used by Takayama and Misawa in 1981 for micropropagation of Begonia. Thereafter, a
number of studies have demonstrated the application of bioreactor culture techniques using shoots,
somatic embryos, microtubers and corms (Kim, 1999; Young et al., 2000; Paek et al., 2001). Akita
et al. (1994) and Takayama and Akita (1994) presented an impressive example of bioreactor
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application that held 500 L of liquid medium for mass propagation of shoots of Stevia rebaudiana
(Bertoni).
Various types of bioreactors have been used for shoot and embryo cultures. According to their
type of agitation and vessel construction, bioreactors are categorized into two main categories: 1)
mechanically stirred bioreactors and 2) air-driven bioreactors (Yoeup and Chakrabarty, 2003).
Mechanically agitated bioreactors rely on impellers for stirring, circulation and aeration. This
category includes stirred tank bioreactors (STR), rotating drum bioreactors, and spin filter
bioreactors. The types of impellers are diverse, such as helical ribbon, magnetic stirrers, rollers, or
vibrating plates, depending on the design of bioreactors (Archambault, 1994; Yoeup and
Chakrabarty, 2003; Takayama, 1998, Ziv, 2000). Air-driven bioreactors are simpler in design
without an impeller, including air-lift bioreactors, bubble-column bioreactors, and Balloon-type
bubble bioreactor (BTBB). Efficient mixing is achieved through sparging filtered air into
bioreactors for circulation of internal and external environment. The air-driven bioreactors are
beneficial for their relatively simple construction, high yields with low input, high gas exchange
rate, and more importantly less shearing stress due to less damage for cultured clusters than
mechanical stirring (Denchec et al., 1992; Ziv et al., 1998; Hvoslef-Eide and Preil, 2005).
Despite the advantages of automated bioreactors, there are some concerns with regards to their
utility. The bioreactors mentioned above keep the tissues in completely submerged conditions,
where plant materials are consistently in contact with the medium. Submersion systems (Takayama
and Akita, 2005) work well with micropropagation of many species of ferns and herbaceous plants
but not with woody plants. Plantlets grown in liquid medium with continuous submersion systems
tend to have a physiological disorder, named hyperhydricity, which adversely affects growth and
morphogenesis of plants (Carvalho et al., 2019; Christie et al., 1995). It occurs in in vitro shoots
with a glass-like and translucent appearance that is generally associated with excessive hydration
and lack of chlorophyll content (Bhatia and Sharma, 2015). To eliminate the problem of
hyperhydricity, plantlets are intermittently exposed to liquid medium rather than continuous
submersion (Berthouly and Etienne, 2005). Thus, the temporary immersion systems were
developed for plant propagation to reduce hyperhydricity of growing cultures.
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1.14 Temporary Immersion System
Temporary immersion technique is a semi-automated or fully automated cultivation system
where plant tissues are periodically immersed in the liquid medium alternating with exposure in
the air for gaseous phase (Berthouly and Etienne, 2005). Hyperhydricity is dramatically reduced
or eliminated under temporary immersion systems (TIS) since improved oxygen transport of
exposed plant tissues allows for a better gas exchange (Georgiev et al., 2014). TIS is available for
efficient mixing to avoid accumulation of compounds while limiting the shear stress. The
advantages of TIS on micropropagation have been recorded for shoot multiplication,
microtuberization and somatic embryogenesis (Etienne and Berthouly, 2002). TIS has beneficial
effect on plant quality also in terms of increased shoot vigour and improved morphology of somatic
embryos (Berthouly and Etienne, 2005). The use of TIS showed improved shoot development in
micropropagation of tree species such as tea (Akula et al., 2000), Calabash Tree (Murch et al.,
2004), papaya (Posada-Pérez et al., 2017), breadfruit (Shandil and Tuia, 2015), apple root stock
(Chakrabarty et al., 2007), hybrid chestnut (Vidal et al., 2015), and European chestnut (Troch et
al., 2010).
The temporary immersion system was first described by Steward et al. (1952). They found that
immersion of carrot (Daucus carota L.) root explants in the liquid medium did not provide
sufficient growth due to lack of oxygen. They designed an apparatus called “auxophyton” that
turned the bioreactors on a wheel, which allowed immersion of the explants in liquid medium
alternatively with exposure to air (Steward et al., 1952). In a similar way, Harris and Mason (1983)
combined aeration and liquid medium culture to create tilting and rocker machines for temporary
immersion. Based on principle of ebb and flood, the first automated TIS device was designed by
Tisserat and Vandercook (1985). A breakthrough using the concept of TIS was made by
introduction of the RITA vessels (Alvard et al., 1993; Teisson and Alvard, 1995).
RITA (re ́cipient a` immersion temporaire automatique) systems are commonly used TIS for
micropropagation. It consists of an upper chamber for plant materials and a lower chamber for
storing the liquid medium, separated by a mesh support (Georgiev et al., 2014). Pressure is applied
in the lower chamber which pushes the liquid medium into the upper chamber, immersing the
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plants. Plants are immersed in the liquid medium at defined intervals with exposure to air as the
pressure is released. Air is pumped into the medium forming bubbles during immersion period to
mix and aerate the medium. The RITA system has been widely used for mass propagation of
various species, such as Quercus suber (Pérez et al., 2013), Saccharum spp. (Mordocco et al.,
2009), Beta vulgaris (Pavlov et al., 2006), Pistacia spp. (Akdemir et al., 2014), Eucalyptus spp.
(Hajari et al., 2006), Pistacia khinjuk (Tilkat et al., 2014), Psidium guajava (Vilchez and Albany,
2015), and Malus domestica (Zhu et al., 2005).
Another frequently used TIS is known as Tilting-Rocker machine. Rocker systems involve a
mechanical platform that holds culture containers to tilt at certain angles so that the liquid medium
can run from one side of the box to the other, and vice versa (Harris and Mason, 1983). The
transparent and flat-bottom culture containers, holding both plant materials and liquid medium,
are placed on mechanical shelves. The movement of the shelves generate waves that submerge or
aerate the culture materials alternately. The rocker system is beneficial for its simple design of
cultivation boxes with no additional connection to the system. Although rocker system has not
been used in micropropagation of chestnut, it has been shown to improve culture of grapevines
with a 7-fold higher shoot production than in the semi-solid medium (Harris and Mason, 1983).
Other species in which the tilting rocker systems have been successfully used for mass propagation
include: Artocarpus altilis (Park.) Fosb. (Shandil and Tuia, 2015), Panax quinquefolius L.
(Uchendu et al., 2011), Solanum tuberosum L. (Kamarainen-Karppinen et al., 2010), Pyrus
communis L. (Damiano et al., 2000).
The micropropagation of chestnut plantlets in liquid medium was first presented by Vidal et
al. (2015). The axillary shoots of hybrid chestnut (hybrids of Asian and European chestnut,
Castanea sativa x C. crenata or C. sativa x C. mollisima) were successfully cultured in RITA
TIS system showing higher shoot proliferation rates and enhanced acclimatization of plantlets than
in the semisolid medium (Vidal et al., 2015). The application of TIS holds the potential for largescale production of chestnut species. However, chestnut micropropagation using tilting-rocker TIS
system has not been studied yet.
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1.15 Cryopreservation
Cryopreservation represents the storage of biological materials at an ultra-low temperature,
usually that of liquid nitrogen (-196C), for long-term conservation of germplasms (Engelmann,
2004; Benson, 2008). The application of cryopreservation has been employed in a large number
of explant types, including seeds, cells, buds, callus, meristematic apices, pollen, and somatic and
zygotic embryos (Engelmann, 2004; Benson, 2008). Any cellular divisions and metabolic
processes of explant materials are suspended at cryopreservation temperature so that they can be
stored theoretically for an infinite time period without any alternation and modification of their
genetic stability (Wang et al., 2012; Harding, 2004; Engelmann, 2004). Cryopreservation is
considered to be one of the best options for long-term preservation of germplasm due to its limited
space occupation, contamination-free environment, and minimum maintenance costs (Benson,
2008; Engelmann, 2004). It also offers a hope for preservation of endangered species and rare
plants.
Preventing formation of intracellular ice crystal is one of the determinant factors to develop
cryopreservation techniques (Ninagawa et al., 2016). Most plant materials commonly contain high
content of cellular water that freeze naturally into ice crystal below the solidification point in
cryopreservation. The intracellular ice crystal formation (IIF) can cause serious problems in
cryopreservation, since cell walls are punctured and injured when ice crystals form as most of the
plant materials are not freezing-tolerant (Engelmann, 2004; Benson, 2008). Therefore, cells should
be artificially dehydrated prior to cryopreservation to avoid crystallization damage caused by IIF
(Mazur, 1984). Cryopreservation is commonly accomplished either by two-step cooling (also
called controlled rate cooling) or the vitrification-based techniques.
The classic two-step cooling technique involves a controlled rate cooling to avoid
crystallization damage before immersion in liquid nitrogen (LN) (Benson, 2008). Such cooling
method involves a computer-based programmable freezer, where incubates germplasms, with
controlled cooling rate (− 0.25 to – 5 ◦C min−1) until the terminal temperature reaches – 35 to – 40
◦C

and holds for 30 - 45 min, followed by immersion of specimens in liquid nitrogen (Benson,

2008; Reed, 2008; Engelmann, 2004). During the cooling process, ice forms extracellularly first
22

and intracellular freezable water migrates to outside of cell walls based on osmotic equilibrium
(Benson, 2008; Reed, 2008). In this case, germplasm can survive during cryopreservation since
less available water is able to form ice within the cells along with less potential damage due to
lethal IIF. However, there are some disadvantages and limitations of two-step cooling. The
programmable freezers initially begin with high investment of equipment layouts and its operation
process requires regular routine checks, servicing, and safety regulations (Benson, 2008). In
addition, some types of germplasm, with disparate water content, are not able to withstand the
process and it is also hard to optimize the cooling rate for highly diverse germplasms (Reed, 2008).
Thus, a new technique based on vitrification has been commonly used as a better option to address
the limitations of two-step cooling for cryopreservation.
Vitrification-based protocols are completely ice-free cryopreservation techniques that involve
cell dehydration followed by direct immersion in LN. In the process of vitrification, liquid is
directly solidified into an amorphous state, also termed as a ‘glassy state’, without crystallization
while retaining the mechanical and physical properties of solids (Taylor et al., 2004; Reed, 2008;
Engelmann, 2004). In order to facilitate efficient vitrification, plant materials can be either air dried
in sterile laminar cabinet or dehydrated with a highly concentrated Plant Vitrification Solution
(PVS) before plunging into liquid nitrogen to minimize injury. The most frequently used
vitrification solution is PVS2, which comprises (w/v) 30% glycerol, 15% ethylene glycol, 15%
dimethylsulfoxide (DMSO) and 0.4 M sucrose in basal culture medium at pH 5.8 (Sakai et al.,
2008). The ethylene glycol and DMSO are osmotic cryoprotectants with ability to rapidly penetrate
cell walls and membranes for replacement of water (Volk and Walters, 2006), while sucrose is
non-penetrating cryoprotective substances that prevent membrane fusion during cryopreservation
(Solocinski et al., 2017). An alternate solution of vitrification is PVS 3. It consists of (w/v) 50%
glycerol and 50% sucrose in the basal medium (Nishizawa et al., 1993). Sakai et al. (2008) made
a modification to PVS 3 in which they decreased the concentration of each components to 40% in
the basal medium. The main functions of PVS are to dehydrate the cells, replacing cellular water,
as well as to protect cells from injury during cryopreservation (Sakai et al., 1991; Volk and
Walters, 2006). The vitrification-based protocols are more appropriate for complex and
heterogeneous tissues, such as shoot tips and somatic embryos, which contain diverse cell types
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with special requirements for cooling rates in freeze-induced dehydration (Reed, 2008; Engelman,
2008).

1.16 Major Parameters Affecting Successful Cryopreservation
1.16.1 Preculture / Preconditioning
Adequate preculture of plant materials prior to cryopreservation is essential for attaining high
post-LN regrowth. It allows the materials to better withstand the stress during rapid cooling
process. Preconditioning includes cold acclimation or culturing samples on sucrose-enriched
medium for different time periods (Sakai and Engelmann, 2007). Samples can be submitted to
single or both treatments during the process of preconditioning.
Cold hardening of mother plants prior to cryopreservation has shown significant improvement
on recovery of plant materials (Niino and Sakai, 1992; Reed et al., 2003; Chang and Reed, 2000).
A three-week cold acclimation period at 5C promoted the recovery of shoot tips in apple, pear,
and mulberry (Niino and Sakai, 1992) and at 10C optimized the regeneration rate of potato shoot
tips (Zhao et al., 2005). In European chestnut, the most efficient shoot regrowth was observed in
shoot tips excised from stock materials precultured for 2 weeks at 4C for cold hardening (SanJose et al., 2004).
The incubation in sucrose-enriched medium can be an alternative option to replace cold
acclimation in order to obtain high rate of recovery and growth (Dumet et al., 2000). Shoot tips,
precultured on medium with 0.3 - 0.7 M sucrose for 1 - 2 days, showed significant improvement
in survival rate after cryopreservation (Dereuddre et al., 1988; Niino et al., 1992). Grevillea
scapigera (Proteaceae), a rare and endangered woody plant in Australia, showed improved
cryopreservation with the optimized preculture of shoot tips on 0.6 M sorbitol for 2 days (Touchell
and Dixon, 1992). In the case of Robinia pseudoacacia, shoot tips after dissection were precultured
in liquid medium with sucrose at 0.3 M on day 1, 0.5 M on day 2, and 0.7 M on day 3 (Verleysen
et al., 2005). A similar stepwise preculture process in which increasing the sucrose level from 0.25
- 1.0 M within 2 to 7 days was used in cryopreservation of shoot tips of grapevine due to their
sensitivity to highly-concentrated sucrose (Plessis et al., 1991; Wang et al., 2000; Markovic et al.,
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2015; Pathirana et al., 2016). A successful cryopreservation of European chestnut was shown with
cold-hardening of terminal and axillary buds at 3-4C for 2-3 weeks, followed by incubation of
shoot apices (excised from pre-treated buds) on basal medium with 0.2 M sucrose (Jorquera et al.,
2004; Vidal et al., 2005). A similar protocol was used in the study of Vidal et al. (2010) in which
shoot buds were cold hardened under similar situation and shoot apices were precultured with 0.2
M sucrose at 4C for 48 h. So far, preculture of shoot tips incubated in sucrose-enriched medium
without assistance of cold acclimation has not been assessed for cryopreservation of chestnut
species.
1.16.2 Loading
Samples cryopreserved by vitrification have to undergo a loading process for osmoprotection
which prepares them for the dehydration by the vitrification solution. Following preculture, plant
materials are immersed in a cryoprotective solution, also termed loading solution, consisting of 2
M glycerol and 0.4 M sucrose for 20 min at room temperature (Matsumoto et al., 1994). According
to various tests, loading solution with such combination and concentration of sucrose and glycerol
improves the tolerance to the vitrification procedures and the survival of vitrified shoot tips
(Nishizawa et al., 1993; Sakai et al., 1991; Matsumoto et al., 1994). In the cryopreservation of
European chestnut, shoot tips were treated with these cryoprotectants during loading process
(Jorquera et al., 2004; San-Jose et al., 2005; Vidal et al., 2005; Vidal et al., 2010).
1.16.3 Dehydration
After loading, samples are treated with the vitrification solution for dehydration. This is one of
the determinant steps for successful cryopreservation since optimizing the exposure time to
vitrification solution is the key to balance the dehydration and damage prevention by chemical
toxicity (Reed, 2008). PVS2 is commonly applied in cryopreserved shoot tips of European chestnut
during vitrification process (Jorquera et al., 2004; San-Jose et al., 2005; Vidal et al., 2005; Vidal
et al., 2010). They utilized an identical protocol to dehydrate the shoot tips in GD medium
supplemented with ice-cold PVS2 for 40 to 160 min at 0C. Following exposure to PVS2, samples
were suspended in cryotubes with 0.6 ml PVS2 and directly immersed into liquid nitrogen
(Jorquera et al., 2004; San-Jose et al., 2005; Vidal et al., 2005; Vidal et al., 2010). These studies
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showed that the exposure of shoot tips to PVS2 for 120 min attained the best shoot regeneration
rate (Vidal et al., 2005; Jorquera et al., 2004).
The effect of PVS3 has not been assessed in the genus Castanea. However, PVS3 has already
been applied for cryopreservation using vitrification techniques in a number of species including
Malus spp. (Wu et al., 2001), Allium sativum (Kim et al., 2004), Asparagus officinalis (Nishizawa
et al., 1993), Ananas comosus (Martinez Montero et al., 2002).
1.16.4 Unloading
After removal from LN, plant materials are applied with unloading treatments to replace the
vitrification solution inside the cells. The cryotubes taken out from LN are immediately plunged
into a warm-water bath at 37 – 40 C for rapid thawing to avoid potential recrystallization (Sakai
and Engelmann, 2007). Then, samples are treated with unloading solution, usually comprising 1.2
M sucrose in the basal medium, for 20 min at room temperature (Jorquera et al., 2004; San-Jose et
al., 2005; Vidal et al., 2005; Vidal et al., 2010).
1.16.5 Post Culture
Cryopreserved samples after unloading treatment are post-cultured for recovery on a post
culture medium. The presence of BA in the post culture medium improved the survival rate of
cryopreserved shoot tips of grapevine and citrus (Wang et al., 2003). For European chestnut,
cryopreserved shoot tips were transferred on a recovery medium supplemented with 0.5 mg/L BA
and 0.5 mg/L IAA (Jorquera et al., 2004; San-Jose et al., 2005; Vidal et al., 2005; Vidal et al.,
2010).

1.17 Droplet-vitrification
Droplet-vitrification, as a derived vitrification-based technique, produces high recovery for a
broad range of plant species. Droplet-vitrification, first described by Kartha et al. (1982) for
cryopreserved shoot tips of cassava meristems, has been used for many genotypes of Musaceae
(Panis et al., 2005). This method involves precultured shoot-tip meristems loaded with vitrification
solution, followed by dehydration with PVS. Thereafter, each meristem is transferred to a single
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droplet on aluminum foil strips and plunged directly into liquid nitrogen for ultra-fast freezing
(Benson, 2008; Panis et al., 2005). The foils with meristems are rapidly thawed in warm-water
bath for rewarming, followed by transfer to post culture medium for regeneration.
In recent years, a rising number of species have been successfully cryopreserved through
droplet vitrification protocol including woody species (Sakai and Engelmann, 2007; Halmagyi et
al., 2010; Folgado and Panis, 2018), crops (Sakai and Engelmann, 2007; Sant et al., 2008; Park
and Kim, 2015), ornamentals (Sakai and Engelmann, 2007; Gallard et al., 2008; Yin et al., 2014;
Zhang et al., 2015), and medicinal plants (Yang et al., 2019).. The advantages of dropletvitrification are based on its proven application across species with diverse genotypes as well as
its fast and easy operation without expensive equipment (Benson, 2008). Droplet-vitrification can
overcome species-specific and genotype-specific problems in cryopreservation, facilitating a
large-scale cryobanking of genetic resources (Panis et al. 2005; Reed 2008; Wang et al. 2014;
Yang et al., 2019).

1.18 Hypotheses
(1) The use of TIS using optimized medium composition will improve the in vitro propagation
and greenhouse transplant of American chestnut.
(2) In vitro grown shoot tips of American chestnut can be cryopreserved successfully with
droplet vitrification.

1.19 Objectives
The main goal of this study was to develop propagation and cryopreservation protocols for
American chestnut to aid species recovery and potentially achieve large-scale production of plants.
The objectives of this research were to:
1. Development of an efficient micropropagation protocol for mass production of American
chestnut from shoot cultures including:
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a. Optimization of culture medium components for in vitro shoot multiplication and rooting.
b. Comparison of the growth performance of American chestnut between temporary
immersion and semi-solid systems for in vitro shoot and root development.
c. Acclimatization and establishment of in vitro grown plantlets in the greenhouse.
2. Establishment of an efficient cryopreservation method through droplet vitrification to conserve
shoot tips of American chestnut including:
a. Optimization of incubation of shoot tips in sucrose-enriched preculture medium prior to
cryopreservation to replace cold hardening.
b. Examination of the dehydration effect of PVS2 as compared to PVS 3 during
cryopreservation.
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2 Chapter 2: Development of an efficient temporary immersion
system for the micropropagation of American chestnut [Castanea
dentata (Marsh.) Borkh.]

Abstract
American chestnut [Castanea dentata (Marsh.) Borkh.], a native species of eastern North
America, is an economically important deciduous hardwood tree that has been designated as
endangered in Canada. The population of American chestnut trees has dwindled significantly
across southern Ontario due to chestnut blight and many of the surviving trees continue to show
blight symptoms. Conservation of American chestnut requires mass production of trees to avoid
extinction of this species in Canada. Micropropagation is a highly effective tool to rapidly clone
the germplasm from limited plant material. The objective of this study was to develop an efficient
micropropagation protocol for in vitro multiplication of American chestnut in a temporary
immersion system (TIS) to facilitate its long-term plant conservation and reintroduction. The effect
of basal salt mixtures, different culture systems, effects of cytokinins and auxins were evaluated
to develop an optimal protocol for in vitro propagation of American chestnut. The highest rate of
shoot multiplication was observed in liquid DKW (Driver and Kuniyuki Walnut medium) basal
medium supplemented with 2.2 µM 6-benzylaminopurine and 1.0 µM gibberellic acid.
Microshoots, 30-40 mm in length, were planted vertically in OASIS  rootcubes in vessels
containing 15 µM 3-Indolebutyric acid in liquid DKW medium, which induced 100% rooting of
shoots after 3 weeks of growth in vitro. Rooted plantlets transplanted to the greenhouse expressed
a survival rate of 82% after one month of transplant. This study confirms the potential of TIS for
micropropagation in ex-situ conservation and reintroduction of endangered American chestnuts in
their natural habitat.
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2.1 Introduction
The American chestnut, Castanea dentata (Marshall) Borkh, a native to eastern North
America, is a member of the Fagaceae or Beech family. Prior to the 19th century, American
chestnuts were widely used as a hardwood tree species, valued for both lumber and nuts (Saucier,
1973). American chestnut wood and bark were used to produce lumber for construction and
extraction of tannins (Saucier, 1973). Durable wood of American chestnut was preferred to make
a range of products including fences, poles, shingles, furniture, musical instruments, and many
more (Ashe, 1911; Detwiler, 1915; Emerson, 1850; Zeigler, 1920). Chestnut nuts are an excellent
source of energy, minerals, and vitamins, and are widely consumed by humans as well as by
wildlife (Saucier, 1973; USDA, 2019).
Historically, the American chestnut was a ubiquitous tree ranged from Maine and Ontario to
Georgia and Mississippi in hardwood forests, covering more than 200 million acres (COSEWIC,
2004). However, the population of American chestnut trees has dwindled significantly across
southern Ontario in Canada due to spread of chestnut blight. Chestnut blight, caused by the fungus
[Cryphomectria parasitica (Murr.) Barr], wiped out 99% of the native mature American chestnut
trees, causing death of nearly 4 billion trees by 1950 (Jabr, 2014). American chestnut trees were
designated as threatened species in 1987 by the Committee on the Status of Endangered Wildlife
in Canada (COSWIC) and re-designated as endangered species in 2004 by the Species at Risk in
Ontario (SARO) (COSEWIC, 2004; Government of Ontario, 2018). Currently, American chestnut
in Canada is restricted to the Carolinian Zone between Lake Erie and Lake Huron (Government of
Ontario, 2018). There were only approximately 2000 extant American chestnut trees across
southern Ontario in 2015, while some of them were still dying due to blight (Van Drunen et al.,
2017). Significant efforts are therefore necessary to elevate American chestnut from extirpation.
Current conservation protocols for recovery of American chestnut are limited by number of
trees available for planting. The traditional way of reintroducing American chestnut involves
planting of the seedlings as well as monitoring native habitat (Environment and Climate Change
Canada, 2019). However, these methods are inefficient and unsustainable for species recovery due
to ecological reasons. For example, American chestnut seed germination is poor, and a limited
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establishment of seedlings occurs in low light intensity under extensive canopy cover (Belair et
al., 2014). Geographically isolated, self-incompatible trees are significantly restricted in the
production of viable seeds (Van Drunen et al., 2017; Environment and Climate Change Canada.
2019). Conventional methods of vegetative propagation through cuttings, grafting, or layering are
achievable, but not sufficient for large-scale propagation and species recovery (Vieitez, 1974;
Keys, 1978). Therefore, in vitro technology is one of the best approaches for rapid propagation
In vitro propagation or micropropagation technology offers an excellent opportunity for rapid,
large-scale cloning of desired germplasm within limited space and time (Hussain et al., 2012;
Rathwell et al. 2016). Vegetative propagation also ensures regeneration of genetically identical
propagules to maintain the elite gene pool for ex-situ conservation. Micropropagation methods can
also produce meristematic tissues for cryopreservation. Currently, protocols have been developed
to propagate American chestnut in vitro mainly through proliferation of shoots (Oakes et al., 2016;
Oakes et al., 2013; Yang et al., 2009; Xing et al., 1997) and somatic embryos (Kong et al., 2014;
Johnson et al., 2007; Andrade and Merkle, 2005; Robichaud et al., 2004; Xing et al., 1999;
Carraway and Merkle, 1997; Rothrock et al., 2007). However, these protocols utilized semi-solid
medium for American chestnut micropropagation which produced limited multiplication rate (1.0
– 1.5 shoots per explant) in a small-scale production. Micropropagation methods which use solid
medium are resource intensive, expensive, and time consuming. The use of a gelling agent to
solidify the medium accounts for 10 to 20% of the production costs and the maintenance of cultures
on a semi-solid medium requires periodic replacement of the medium due to depletion of the
nutrients during plant growth (Vyas et al., 2008). The use of liquid medium is advantageous as it
enables uniform and continuous accessibility of nutrients to growing plants (Vyas et al., 2008;
Mbiyu et al., 2012; Pati et al., 2011).
The use of temporary immersion system (TIS) is an ideal option for micropropagation as it
facilitates multiplication of robust plants with uniform physiology (Berthouly and Etienne, 2005).
TIS enables automation of cultivation system with reduced production costs by avoiding the use
of gelling agent and labour-intensive process of subculture to replace culture medium (Arencibia
et al., 2008; Etienne and Berthouly, 2002). The plant materials in TIS are cultured in liquid medium
with a brief periodic immersion which reduces hyperhydricity resulting from complete suspension
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of tissues in the liquid medium (Georgiev et al., 2014; Berthouly and Etienne, 2005). The TIS also
involves frequent movement of growing tissue preventing accumulation of compounds around
explants (Arencibia et al., 2008). TIS has been successfully applied to micropropagation in some
woody species such as tea (Akula et al., 2000), Calabash Tree (Murch et al., 2004), apple root
stock (Chakrabarty et al., 2007), breadfruit (Shandil and Tuia, 2015), hazelnut (Latawa et al.,
2016), and papaya (Posada-Pérez et al., 2017). Micropropagation of chestnut species has been
successfully achieved in European chestnut (Castanea sativa) and hybrid chestnuts (Castanea
sativa × C. crenata or C. sativa × C. mollisima) (Troch et al., 2010; Vidal et al., 2015) using RITA
based TIS.
The objective of this study was to develop an efficient micropropagation protocol for in vitro
mass production of American chestnut in a temporary immersion system in order to facilitate longterm plant conservation. The liquid temporary immersion system was compared with the
conventional semi-solid system for shoot multiplication. The effects of basal salt mixtures,
different cytokinins, and gibberellic acid were evaluated for in vitro shoot proliferation and
elongation. The protocol was also optimized to determine the optimal level of auxins required for
in vitro root initiation and development of American chestnut plantlets.

2.2 Materials and Methods
2.2.1

Plant Material

Shoot buds were collected from three-year-old plants (Verbinnen’s Nursery, ON, Canada)
grown in greenhouse conditions and a mature tree (Grand River Conservation Authority, Burford
Tree Nursery, Burford, ON, Canada) in late summer of 2018 for shoot initiation in vitro. Shoot
buds were placed under running tap water in a bucket with soap for at least 30 minutes for general
surface cleaning in order to remove external microbes. Bud scales were removed prior to
sterilization in order to reduce contamination and promote shoot formation. Buds were sterilized
with 15% (v/v) commercial bleach (Clorox®; The Clorox company; 5.4% sodium hypochlorite)
with two drops of Tween-20 (Sigma Aldrich, St. Louis, Missouri) for 20 minutes. They were then
rinsed with autoclaved deionized water, four times, 3 minutes each wash.
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2.2.2

In vitro Initiation and Establishment of Shoot Cultures

Shoot buds after sterilization were cultured upright in test tubes on semi-solid medium
containing ingredients of DKW salts with vitamins (PhytoTechnology Laboratories®, Lenexa,
USA). The DKW medium was supplemented with 3% sucrose, 2 ml/L Plant Preservative Mixture
(PPM; Plant Cell Technology, Washington, DC), and 2.2g/L Phytagel™ (Sigma Aldrich,
Oakville, Ontario). The pH of the medium was adjusted to 5.75 prior to autoclaving for 20 minutes
at 121°C and 118 kPa. After three weeks of culture in test tubes, explants were transferred to
Magenta GA7 vessels (Sigma Aldrich, Oakville, Ontario) containing the same medium for further
shoot development. Shoot growth of primary explants was observed for six weeks of culture.
Shoots were excised and transferred to a fresh medium for further growth.
2.2.3

Shoot Proliferation

New shoots grown in vitro from the primary explants were excised into 2 – 3 cm shoot
segments (including shoot tips and top three axillary nodes), and subcultured in culture vessels
(235 mm length x 80 mm height x 85 mm wide; We Vitro Inc, ON, Canada; Figure 2.1 A and B)
containing 30 mL/vessel of shoot multiplication medium. The pH of the medium was adjusted to
5.7 followed by autoclaving for 20 min at 121C and 118 kPa. All culture vessels were placed on
‘Cultureshift’, a rocker-based temporary immersion system (VRE System, ON, Canada; Figure
2.2 D) at 22  2C with 16-hour light (50 μmol m-2 s-1). The mechanical movement of the rocker
system allowed vessels to tilt at 30 degree on both sides so that the shoot explants can be alternately
immersed in the medium and exposed for aeration for 30 seconds during each cycle.
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Figure 2.1 Culture vessels on rocker-based temporary immersion system. Each vessel contained
eight to ten shoot explants in liquid medium (A). Shoot development after six weeks of in vitro
growth in liquid temporary immersion system (B). In vitro rooting on OASIS  rootcubes in
liquid rooting medium in temporary immersion system (C). Culture vessels were maintained on
shelves of rocker-based temporary immersion system (D).

2.2.3.1 Comparison of Basal Salt Mixtures
Three different basal salt mixtures with vitamins (obtained from PhytoTechnology
Laboratories®, Lenexa, US) were used for comparing their efficiencies in stimulating shoot
proliferation: DKW (Driver and Kuniyuki Walnut Basal Medium); MS (Murashige and Skoog
Basal Medium); and WPM (Lloyd and McCown Woody Plant Basal Medium). Each treatment
was also supplemented with 3% sucrose, 2ml/L Plant Preservative Mixture (PPM; Plant Cell
Technology, Washington, DC), 2.2 𝜇 M 6-benzylaminopurine (BA; PhytoTechnology
Laboratories®), and 1.0 𝜇M gibberellic acid (GA3; PhytoTechnology Laboratories®) for assessing
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their effects on shoot proliferation. Each treatment was replicated three times with eight to ten
explants per replicate. Observations were taken for the number of shoots formed on each explant
and the shoot length after 3 weeks.
2.2.3.2 Comparison of Semi-solid System (SS), Continuous Immersion System (CIS), and
Temporary Immersion System (TIS) for In Vitro Growth of American Chestnut
To determine the optimal growth system for shoot proliferation, shoot explants were cultured
and compared in three culture systems: 1) liquid temporary immersion system (TIS); 2) liquid
continuous immersion system (CIS); 3) semi-solid culture system (SS). Each culture system
contained the DKW basal salt mixture with vitamins, 3% sucrose, 2ml/L PPM, 2.2 𝜇M BA, and
1.0 𝜇M GA3. The phytagel (2.2 g/L) was used only in the medium for the semi-solid growing
system.
Explants in all treatments were cultured in vessels placed on the rocker system. The TIS
treatments were placed on the mobile shelves to achieve a temporary immersion system, while CIS
treatment and semi-solid treatment were put on immobile shelves of the rocker. The immobile
shelf allowed the shoot explants continuously immersed in the stationary liquid culture medium
for the CIS treatment.
Each treatment was replicated three times with eight to ten explants per replicate. Observations
were taken for the number of shoots formed on each explant and the longest shoot length after 3
weeks.
2.2.3.3 Comparison of Cytokinins for Shoot Multiplication in TIS cultures
The optimal cytokinin was determined by subculturing shoot explants in medium with either
BA, Zeatin (Caisson Laboratories Inc., Smithfield, Utah, US), or thidiazuron (TDZ; Caisson
Laboratories Inc.) at 1.1, 2.2, or 4.4 𝜇M as well as the control without the addition of any cytokinin.
All treatments contained 3% sucrose, DKW basal salt mixture with vitamins, 1.0 𝜇M GA3, and 2
ml/L PPM. Each treatment was replicated three times with eight to ten explants per replicate.
Observation were taken for the number of shoots formed on each explant and the longest shoot
length after 6 weeks.
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2.2.3.4 Examining the Effect of Gibberellic Acid
The effect of gibberellic acid was examined through the addition of GA3 at 0.0 (control), 0.5,
1.0, or 2.0 𝜇M concentrations in the medium containing DKW basal salt mixture with vitamins,
3% sucrose, 2.2 𝜇M BA, and 2 ml/L PPM. Each treatment level was replicated three times with
eight to ten explants per replicate. Number of long shoots ( 0.5 cm), longest shoot length, and
total number of shoots were measured for comparison of different GA3 concentrations after 6
weeks.

2.2.4

Rooting and Plantlet Development

Microshoots from obtained in previous experiments were treated with either Indole-3-butyric
acid (IBA; Sigma Aldrich) or 1-Naphthaleneacetic acid (NAA; PhytoTechnology Laboratories®)
for root induction and development. Shoots with approximately 30-40 mm in length were excised
and cultured vertically with support of sterile rooting foam (OASIS  Grower Solutions Rootcubes
® Wedge ®) in vessels kept on TIS (Figure 2.1 C). The rooting medium in each treatment
contained 3% sucrose, half-strength DKW basal medium, 10 ml/L vitamins (myo-inositol (10 g/L)
+ glycine (0.2 g/L) + nicotinic acid (0.1 g/L)) as well as supplemented with either IBA or NAA at
0.0 (control), 2.5, 5.0, and 10 μM concentrations. Each treatment was replicated four times with
nine shoots per replicate. Observations were recorded for the number of roots on each explant.
Since efficient root development was observed in IBA treatments compared to NAA, the
optimal IBA concentration for root growth was determined by culturing shoots in liquid rooting
culture system as described earlier with IBA at 5, 10, 15, 20 μM concentrations. Each treatment
was replicated four times with nine shoots per replicate. The percentages of rooted shoots, number
of roots and longest root length were measured after 3 weeks of in vitro culture.
Root induction and development was also examined in the semi-solid medium as compared to
the shoots rooted in liquid TIS. Observations were taken for the percentage of rooted explant in
the fifth week of growth in the semi-solid medium.
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2.2.5

Greenhouse Acclimatization

In-vitro shoots with well-developed roots were transferred to ex-vitro conditions. Rooted
plantlets were transplanted into cell trays (4 x 10) filled with Sunshine professional growing media
(Sun Gro Horticulture Canada Ltd., BC, Canada). Plantlets were initially acclimatized in the mist
bed (24 C for 16 h light and 20 oC for 8 h darkness, with 85% humidity) for two weeks in order
to allow adaptation to environmental changes, followed by transfer to the greenhouse (24C for 16
h light and 20 oC for 8 h darkness, light intensity at 110 μmol m-2 s-1). The survival rate (surviving
plants / total rooted plants) was recorded after 4 weeks of growth in the greenhouse.
2.2.6

Statistical analysis

All the experiments were replicated twice and conducted in a complete randomized design.
Treatment groups included a minimum of three biological replicates with eight to ten explants per
vessel. Data were analyzed using a generalized linear mixed model (GLIMMIX) for all the
experiments, including comparison of basal salt mixtures, comparison of different culture systems,
comparison of cytokinins, examining the effect of gibberellic acid, comparison of auxins, and
determining the optimal IBA concentration. Normality was tested using Shapiro-Wilk’s test of
normality. Means were compared through Tukey-Kramer Honestly Significant Difference (HSD)
test with α = 0.05 if there was a significant difference. All statistical data were presented by means
± standard error. The SAS system Proc Glimmix (SAS University Edition, SAS Institute, Cary
NC) was used for all statistical computations.

2.3 Results
2.3.1

Establishment of Shoot Culture

Shoot buds from greenhouse grown plants, surface sterilized and placed in semi-solid DKW
medium, showed shoot induction rate of 57% without contamination after 12 days. Shoot buds
collected from the mature tree in the month of August had a contamination rate of 100 %. Buds
collected from greenhouse-grown materials were therefore used for all subsequent steps of
protocol development for shoot multiplication, root induction and acclimatization.
37

2.3.2

Comparison of Basal Salt Mixtures

Three commonly used basal salt mixtures with vitamins were compared for their effect on
shoot proliferation. DKW and MS performed similarly in stimulating shoot proliferation. Shoots
grown from DKW and MS were significantly longer with large green leaves than those in WPM
(Figure 2.2). Shoots in WPM were significantly less (0.78  0.16 shoot number) and shorter (0.27
 0.21 cm), compared to shoots in MS (2.53  0.28 shoot, 1.21  0.25 cm) and DKW (3.19  0.34
shoot, 2.03  0.23 cm) (Figure 2.2). Since DKW basal mixtures performed better in supporting
shoot development than MS (Figure 2.3), DKW was used as the basal salt mixtures for all in vitro
experiments on shoot multiplication, elongation and rooting.
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Figure 2.2 The effect of basal salt mixtures on shoot proliferation. Number of shoots (A) and
longest shoot length (B) were recorded for three different basal salt mixtures (DKW, MS, and
WPM). Bar values represent the mean ± standard error from three replications. Means followed
by different letters are significantly different according to Tukey-Kramer HSD test (α=0.05).

Figure 2.3 Comparison of in vitro shoots grown in liquid basal salt mixtures: Driver and Kuniyuki
Basal Medium with Vitamins (A), Murashige and Skoog Basal Medium with Vitamins (B), and
Lloyd and McCown Woody Plant Basal Medium with Vitamins (C) after 3 weeks of culture.
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2.3.3

Comparison of Semi-solid System (SS), Continuous Immersion System (CIS), and
Temporary Immersion System (TIS) for In Vitro Growth of American Chestnut

A comparison of three culture systems demonstrated that shoot segments in liquid TIS
generated the best shoot growth than that in other treatments. TIS (3.19  0.34 shoots) and SS
(3.53  0.33 shoots) generated similar number of shoots, which was significantly higher than CIS
(1.60  0.23 shoots) (Figure 2.4 A). Shoots grown in TIS (2.03  0.32 cm) were significantly
longer than those in SS (0.82  0.29 cm) (Figure 2.4 B). Leaves of the cultures in the liquid medium
were larger in size and greener than those in SS (Figure 2.5). Although CIS (1.91  0.30 cm) grew
similar length of shoots compared with TIS (2.03  0.32 cm), shoots and leaves that were
continuously immersed in liquid medium showed symptoms of hyperhydricity (glassy leaves)
particularly in tissues close to the bottom of vessels in CIS (Figure 2.5). Therefore, liquid TIS was
considered as the optimal culture system for in vitro growth of American chestnut and used for the
rest of the study.
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Figure 2.4 Evaluation of semi-solid culture system (SS), continuous immersion system (CIS), and
temporary immersion system (TIS) on shoot proliferation (A) and shoot length (B). Bar values
represent the mean ± standard error from three replications. Means followed by different letters
are significantly different according to Tukey-Kramer HSD test (α=0.05).

Figure 2.5. Comparison of in vitro shoots grown in different culture systems: Temporary
Immersion System (A), Continuous Immersion System (B). Note the hyperhydricity of leaves
(arrow) (B), and Semi-solid culture System (C) after 3 weeks of culture.
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2.3.4

Effect of Cytokinins Treatments on Shoot Multiplication in TIS Cultures

Three commonly used cytokinins (TDZ, BA and Zeatin) had different effects on shoot
multiplication in liquid TIS. Basal medium supplemented with 2.2 μM BA produced a higher
number of shoots (5.29  0.47) and higher shoot length (3.61  0.27 cm) compared to other
treatments (Figure 2.6; Figure 2.7). There was no significant difference in shoot length between
BA at 1.1 μM (2.84  0.27 cm), 2.2 μM (3.61  0.27 cm) and Zeatin at 2.2 μM (3.02  0.27 cm)
and 4.4 μM (2.56  0.28 cm), while cultures in 2.2 μM BA proliferated higher number of shoots
than Zeatin and BA at 1.1 μM (Figure 2.6). Even though explants in BA at 2.2 and 4.4 μM
generated similar number of shoots, shoot elongation was statistically higher in 2.2 μM BA
compared to the higher concentration of BA. The control treatment without addition of cytokinin
produced a smaller number of shoots (1.19  0.27) and less shoot length (1.96  0.33 cm) than
those in Zeatin and BA at higher levels (Figure 2.6). By contrast, TDZ limited the formation of
shoots and shoots tended to grow abnormal crispy leaves close to the apical bud of the explants in
all TDZ treatments (Figure 2.7). The higher concentration of TDZ (4.4 μM) stimulated callus
induction on the shoots. BA at 2.2 μM induced more healthy shoots and generally produced larger
leaves than other treatments (Figure 2.7).
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Figure 2.6. The effect of different cytokinins on shoot multiplication (A) and shoot elongation (B).
Bar values represent the mean ± standard error from three replications. Means followed by
different letters are significantly different according to Tukey-Kramer HSD test (α=0.05).
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Figure 2.7. In vitro shoot growth of American chestnut observed in the liquid medium
supplemented with three different cytokinins (TDZ, Zeatin, or BA) after 6 weeks of culture.
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2.3.5

Examining the Effect of Gibberellic Acid

The addition of 1.0 μM GA3 in the medium promoted shoot elongation (3.3 cm) and generated
a higher number of longer shoots (2.85  0.38 shoots) (Figure 2.8 A&B). Treatments with GA3 at
0.5 μM and 2.0 μM showed no statistical difference in shoot length (1.97  0.41 cm and 1.84 
0.41 cm, respectively) and number of longer shoots (1.61  0.26 and 2.13  0.30, respectively)
compared with the control (1.75  0.40 cm; 1.38  0.24 longer shoots) (Figure 2.8 A&B). GA3 at
1.0 μM induced a significantly higher shoot length and number of longer shoots than the control
treatment (Figure 2.9). The shoot length showed no statistical difference among GA3 treatment,
while GA3 at 0.5 μM demonstrated fewer long shoots than those in 1.0 μM. The total number of
shoots did not show significant differences among treatments (Figure 2.8 C).
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Figure 2.8. Evaluation of various levels of Gibberellic acid (0, 0.5, 1.0, and 2.0 μM) on number of
long shoots ( 0.5 cm) (A), longest shoot length (B), and total number of shoots (C) in in vitro
shoot culture of American chestnut. Bar values represent the mean ± standard error from three
replications. Means followed by different letters are significantly different according to TukeyKramer HSD test (α=0.05).
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Figure 2.9. Comparison of in vitro shoot elongation in liquid medium supplemented with
Gibberellic acid (GA3) at 0 μM (A), 0.5 μM (B), 1.0 (C), and 2.0 μM (D).
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2.3.6

Rooting and Plantlet Development

Preliminary results showed that full-strength DKW basal salt mixtures containing NAA or IBA
at 2.5, 5.0, 10.0 μM concentrations did not induce root formation. When grown in half-strength
DKW basal medium (Figure 2.11), 83% of shoots developed roots on the medium supplemented
with 10 μM IBA and 43% of rooted shoots in 10 μM NAA. There were 30% and 31% shoots with
roots in NAA and IBA at 5 μM, respectively, followed by 17% in 2.5 μM NAA, 10% in control,
and 7% in 2.5 μM IBA. Since inclusion of 10 μM IBA in half-strength rooting medium performed
higher rooting rate and showed signiciantly higher number of roots (5.73  0.44) than others, IBA
was considered as the optimum auxin for in vitro root development of American chestnut (Figure
2.10).
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Figure 2.10. The effect of auxins (NAA and IBA) at 0, 2.5, 5.0, and 10 μM on number of roots
during in vitro root development. Bar values represent the mean ± standard error from three
replications. Means followed by different letters are significantly different according to TukeyKramer HSD test (α=0.05).
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Figure 2.11. Comparison of in vitro shoots cultured in liquid medium supplemented with no auxin
(A), 10 μM NAA (B), and 10 μM IBA (C) for in vitro rooting after 4 weeks of culture.

Microshoots treated with 15 μM IBA in half-strength DKW basal medium produced 100%
rooting with normal root development. Shoots grown on 10 μM IBA also showed 100% rooting
and formed similar root length (2.94  0.12 cm) compared with 15 μM IBA (3.34  0.14 cm),
while shoots treated with 15 μM IBA (13.3  0.82) showed significantly higher number of roots
than those in 10 μM IBA (10.18  0.60) (Figure 2.12). 80% of shoots induced roots in the medium
with 20 μM IBA and they showed significantly lower number of roots (9.1  0.55) and shorter
roots (0.78  0.12 cm) than 15 μM IBA (Figure 2.12). Treatment with 5 μM IBA induced the
minimum number of roots (0.63  0.15) and root size (0.17  0.12 cm) with only 30% rooting
compared to other treatments (Figure 2.12). Healthy, well-developed roots were visible in the 3rd
week of culture in liquid TIS (Figure 2.13). Preliminary study showed that shoots cultured in semisolid medium did not induce roots until the 3rd week of culture growth with 55% of rooted shoots
in the fifth week. These results demonstrated that a longer period is required to develop roots in
semi-solid medium compared to the liquid TIS. Thus, shoots grown in half-strength liquid DKW
basal medium containing 15 μM IBA provided the best optimized root development for in vitro
growth of American chestnut plantlets.
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Figure 2.13. Comparison of in vitro shoots cultured in liquid medium supplemented with 5 μM
(A), 10 μM (B), 15 μM (C) and 20 μM IBA (D) for in vitro rooting after 3 weeks of culture.
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2.3.7

Greenhouse Acclimatization

After two weeks of acclimatization in the mist bed, rooted plantlets were transplanted in the
greenhouse and they showed a survival rate of 82% after one month of growth in ex vitro
conditions (Figure 2.14 A). These in vitro raised plantlets continued to grow and remained healthy
without showing any symptoms of stress after 10 months in the greenhouse (Figure 2.14 B).
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Figure 2.14. In vitro raised plantlets grown in the greenhouse. Plantlets after 2 weeks of
acclimatization in mist bed and 4 weeks of growth in the greenhouse (A). Ten-month-old American
chestnut plantlets grow in the greenhouse (B).
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2.4 Discussion
The Gosling Research Institute for Plant Preservation (GRIPP) aims to develop in vitro
technologies to preserve threatened and endangered species for long-term conservation, mass
propagation and redistribution of plant biodiversity. Micropropagation of several threatened and
endangered species has been successfully accomplished at GRIPP. The examples of these species
include American elm (Shukla et al., 2012), Cherry birch (Rathwell et al., 2016), golden paintbrush
(Salama et al., 2018), and Hill’s thistle (unpublished). American chestnut has been chosen for
recovery through in vitro conservation due to its endangered status in north America. Conventional
propagation techniques through seeds are limited by slow reproduction cycle and low germination
rate, while vegetative propagation and grafting requires skilled labour with high risk of
incompatibility (TACF, 2019; Vieitez, 1974; Keys, 1978). In vitro technology has emerged as an
essential tool for conservation of American chestnut due to its ability for rapid production of trueto-type specimens of desired genotypes.
Liquid based culture has been shown to be a more efficient method for micropropagation than
the agar-based semi-solid medium. The liquid based micropropagation system enables greater
accessibility to nutrients, which subsequently results in a higher multiplication rate with reduced
propagation time (Carvalho et al., 2019). Besides, liquid culture medium permits automation of
the micropropagation process along with less labor cost for large-scale production at a reduced
cost by eliminating gelling agents (Welander et al., 2014; Businge et al., 2017). To date, the
micropropagation of Castanea dentata using shoot explants in liquid culture medium has not been
studied. Thus, the current study aimed to develop an efficient micropropagation protocol for
American chestnut in liquid culture medium and assessed the efficiency of plant growth regulators
to enhance shoot and plant development.
The temporary immersion culture system allows for brief, intermittent immersion of plant
tissues in the liquid medium along with alternating aeration, which facilitates better propagation
than a continuous immersion system or semi-solid culture system (Etienne and Berthouly, 2002).
In the current study, the TIS facilitated better shoot proliferation than CIS and SS culture systems
which is consistent with observations recorded for other chestnut species. Troch et al. (2010)
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reported the first temporary immersion systems using twin flasks, for propagation of European
chestnut plantlets from in vitro culture of shoots. The results showed that apical explants produced
significantly higher shoot height with more leaves than axillary explants and plantlets grown in
the TIS formed significantly longer shoots than those on semi-solid medium (Torch et al., 2010).
Vidal et al. (2015a) developed a TIS for hybrids of Asian and European chestnuts using axillary
shoots and they observed a higher proliferation rate in liquid medium than in semi-solid medium
for 10 genotypes of chestnut hybrids. Vidal et al. (2015b) compared TIS and CIS for
micropropagation of axillary shoots of hybrid chestnuts and demonstrated that both systems
generated healthy shoots, but less shoot multiplication was obtained from CIS as recorded in the
current study. However, previous reports indicated that hyperhydricity still remained the major
issue in chestnut micropropagation using liquid medium (Torch et al., 2010; Vidal et al., 2015a;
Vidal et al., 2015b). In the current study, both TIS and CIS showed symptoms of hyperhydricity,
but in the TIS shoot multiplication was generally hyperhydricity free. This may be a result of the
ratio of explants to culture volume in the vessel and the design of our culture vessel. These culture
vessels have been developed at GRIPP and have been found to support better growth of in vitro
cultures of a range of species (Shukla et al. 2017).
Basal salt mixture is one of the important parameters that affect shoot growth and proliferation
in American chestnut. WPM is the most commonly used basal medium for shoot proliferation and
elongation for micropropagation of American chestnut (Xing et al., 1997; Yang et al., 2008;
Carraway and Merkle, 1997; Kong et al., 2014) and European chestnut (Capuana and Lonardo,
2013). MS is another well-established basal medium that has been widely used in European
chestnut (Tafazoli et al., 2013; Vieitez and Vieitez, 1983; Roussos et al., 2016), hybrid chestnut
(San-Jose et al., 2001; Soylu and Erturk, 1999), Japanese chestnut (Tetsumura and Yamashita,
2004), and Chinese chestnut (Hou et al., 2010). In the current study, in vitro shoot explants of
American chestnut cultured on DKW and MS had better proliferation than shoots grown in WPM.
Our results further demonstrated that the application of DKW medium is more efficient than any
other salt composition for overall growth of shoots in liquid based micropropagation system of
American chestnut. A significantly lesser NO3- /NH4+ ratio in the composition of WPM with
potentially less available nitrogen for in vitro shoot development may explain these results.
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Garoosi et al. (2016) indicated that ammonium nitrate was the main requirement for optimum in
vitro multiplication of Pistacia vera. DKW medium was used for supporting the growth of walnut
cultures and contains relatively higher levels of macronutrients contributing to the positive effect
of DKW medium in American chestnut.
Plant growth regulators (PGRs) were one of the most determinant factors that control plant
growth and development. Cytokinins are commonly supplemented to the basal medium to
stimulate shoot formation, promote shoot growth, and facilitate adventitious bud formation
(Georage et al., 2007). BA, TDZ and zeatin are three commonly used cytokinins for
micropropagation of in vitro shoot cultures of Castanea spp. Off these, BA was the most effective
cytokinin in terms of shoot induction and multiplication using shoot explants (Fernandez-Lorenzo
et al., 2005; Goncalves et al., 1998; Tetsumura and Yamshita, 2004; Vieitez and Vieitez, 1983).
Xing et al. (1997) successfully proliferated in vitro shoot cultures of American chestnut in semisolid WPM supplemented with 1 𝜇M BA and 0.5 𝜇M IBA. Soylu and Erturk (1999) compared the
effect of various BA concentrations (1-10 mg/L) on shoot multiplication of hybrid chestnut and
demonstrated that high concentration of BA (2-10 mg/L) did not induce shoot growth. The highest
shoot multiplication was achieved in MS (1/2 NO3) supplemented with 1 mg/L BA (Soylu and
Erturk, 1999). Tetsumura and Yamashita (2004) compared 3 cytokinins (BA, TDZ and zeatin) at
5 𝜇M in semi-solid BW medium (Sato, 1991), and observed that the best shoot proliferation in
Japanese chestnut occurred with zeatin. However, the current results on American chestnut are
different from those reported earlier as zeatin and BA at 4.4 𝜇 M induced a similar shoot
development response with DKW medium. These different responses may have arisen due to the
use of different basal salt mixture as well as liquid medium in TIS as compared to semi-solid
culture systems. TDZ which was previously reported to be less effective than zeatin and BA in
Japanese chestnut, was also found to have little promotive effect in the current study on American
chestnut. Tafazoli et al. (2003) examined the shoot development of European chestnut on MS
medium containing different levels of BA and TDZ (0.2, 0.5, 1, and 1.5 mg/L). The highest shoot
multiplication was obtained with 0.2 mg/L TDZ and the explants developed callus on 1 mg/L TDZ
(Tafazoli et al., 2003). Although callus was also observed at higher concentration of TDZ in my
study, shoot elongation and shoot multiplication were significantly reduced in TDZ treatments
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compared to those with BA. Yang et al. (2008) studied in vitro callus induction and shoot initiation
of American chestnut by comparing TDZ and zeatin at 0.1, 0.5, 1.5, and 2.0 mg/L on semi-solid
WPM medium. Interestingly, zeatin performed the lowest shoot multiplication and TDZ at lower
concentrations resulted in more shoot initiation (Yang et al., 2008). A more recent study compared
BA (1, 2, and 4 mg/L) and TDZ (0.025, 0.05 and 0.1 mg/L) on European chestnut (Roussos et al.,
2015). Results of this study indicated that most effective multiplication was on semi-solid MS (1/2
NO3) medium supplemented with 2 mg/L BA (Roussos et al., 2015). Varied responses of cultures
grown on different PGRs are likely to be a result of endogenous levels of PGRS in the tissues and
also due to differences in culture conditions, basal media components, and the genotype used in
the study.
Gibberellin acid is known to regulate shoot elongation (Davies, 2013). Longer shoots are
preferred in micropropagation for higher number of nodes and ease of subculturing. Currently,
limited references are available for GA3 application in shoot elongation during in vitro culture of
chestnut species. GA3 was added to initiation medium (Mert and Soylu, 2008) and shoot
multiplication medium (Algül and Dalkılıç, 2013) as a supplement for micropropagation of
European chestnut. San-Jose et al. (2001) found that European chestnut cultures showed no
difference in shoot length obtained with or without supplementation with 0.5 mg/L GA3 in semisolid medium. In the current study, better shoot elongation and longer shoot length were observed
in medium supplemented with 1.0 μM GA3 compared with control (without GA3) in liquid TIS. In
vitro responses of explants often vary due to different physiological and genetic backgrounds of
species and cultivars as well as methods of culture employed.
The inclusion of auxin in the rooting medium facilitates in vitro root initiation and development
and the efficiency of rooting is often concentration dependent. Yang et al. (2009) demonstrated a
superior effect of IBA on root induction compared with NAA at 1.5 and 2.0 mg/L in semi-solid
culture system of American chestnut. These results are in agreement with the current study in
which a significantly higher number of roots was initiated in IBA treatment at 2.0 mg/L than those
in NAA-enriched medium. The IBA supplemented media have been widely used for in vitro
rooting of Castanea species, including Castanea crenata, C. sativa, C. mollissima, C. dentata, as
well as hybrids (Chauvin and Salesses, 1987; Sanchez et al., 1997; Soylu and Erturk, 1999; Vieitez
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et al., 2007; Xing et al., 1997; Ballester et al., 2001; Hou et al., 2010; Tafazoli et al., 2013; Roussos
et al., 2015). In the current study, 100% shoots developed roots on half-strength DKW medium
supplemented with 15 μM IBA and 80% rooted shoots were observed in 20 μM IBA supplemented
rooting medium. Similar to the current study, the addition of 15 μM IBA to half-strength BW
medium provided the best rooting percentage (67%) in Japanese chestnut (Tetsumura and
Yamashita, 2004). For European chestnut, the most effective rooting was observed with 4 mg/L
IBA with 81% of explants forming roots (Roussos et al., 2015). Studies with other chestnut species
showed similar rooting responses (Fernandez-Lorenzo et al., 2005; Giovannelli and Giannini,
2000; Goncalves et al., 1998). In hybrid chestnuts (C. sativa x C. crenata), IBA (1-3 mg/L)
stimulated root development (Chauvin and Salesses, 1987; Sanchez et al., 1997; Ballester et al.,
2001).
In the current study, 100% of the in vitro shoots cultured on OASIS rootcubes in liquid TIS
developed into rooted plantlets in rooting medium supplemented with 15 μM IBA. The rooting
foams were used as supporting matrices to replace gelling agent in order to mimic a native soillike environment for in vitro root development, while retaining the advantages of liquid culture
system (Gupta and Prasad, 2006). The main purpose of matrix in liquid culture system is to prevent
the asphyxiation of materials that usually occurs during complete immersion in liquid medium
(Gupta and Prasad, 2006). Rooting foams are ideal platforms for liquid-based culture systems as
they reduce the stress of physical handling and separation of rooted plantlets and their transplant
to greenhouse occurs with minimal disturbance to root the root system. Naylor et al. (2014)
demonstrated a superior effect of OASIS foam in liquid-based culture system on root
development of micropropagated Echeveria compared to the semi-solid culture system. The
current study is the first to show the usefulness of OASIS foam in micropropagation of American
chestnut with high success (100%) in initiating root and whole plant development in TIS.
Plantlets with established root were acclimatized in the mist bed before transition to the
greenhouse. The greenhouse conditions provide relatively lower humidity, higher irradiance, and
thus an increased potential for microbial infections which is often stressful to micropropagated
plants (Hazarika, 2003). Micropropagated plantlets were acclimatized in the mist bed under high
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humidity for two weeks to ease the transition from heterotrophic to autotrophic mode, allowing
plants to achieve their inherent potential for photosynthesis in the ex vitro environment. American
chestnut plantlets showed 100% survival in the mist bed and 82% survival after one month of
establishment in the greenhouse. Similar efficiencies of greenhouse transplant have been reported
for other chestnut species including Japanese chestnut in which 85% survival was observed after
30 days of growth in the greenhouse (Tetsumura and Yamashita, 2004).

2.5 Conclusion
An efficient micropropagation protocol was developed using the temporary immersion rocker
system for American chestnut. Liquid TIS provided the most efficient shoot proliferation
compared to semi-solid medium and continuous immersion system. The enhanced shoot
proliferation was observed in DKW basal medium supplemented with 6-benzylaminopurine for
efficient multiplication and gibberellic acid for shoot elongation. In vitro root development in
liquid TIS resulted in optimal root induction and development. In vitro grown plantlets transferred
to greenhouse showed high survival after acclimatization. The efficiency of liquid TIS provides
potential feasibility for large scale propagation of American chestnut and may facilitate further
studies on other chestnut cultivars as well as other recalcitrant woody plant species. This protocol
has significant potential to assist chestnut restoration programs which require large numbers of
plants. In addition, this study also lays the foundation for further studies on long term preservation
of American chestnut through cryopreservation as demonstrated in the next chapter.
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3 Chapter 3: Cryopreservation of American Chestnut [Castanea
dentata (Marsh.) Borkh] through Droplet Vitrification

Abstract
American chestnut, Castanea dentata (Marsh.) Borkh, is an endangered hardwood tree species
limited to eastern North America. There are only approximately 2000 surviving trees across
southern Ontario in Canada, many of which are becoming susceptible to the chestnut blight. Thus,
the need for an effective long-term conservation of this species is urgent. This study attempted to
cryopreserve shoot tips of American chestnut by droplet vitrification technique for long term
preservation. The most efficient protocol for cryopreservation employed 1.0 – 1.5 mm long shoot
tips isolated from apical meristems of 4 weeks old in vitro-grown shoots and precultured in liquid
Driver and Kuniyuki Walnut Medium (DKW) supplemented with stepwise increment in the
sucrose concentration from 0.25 M to 1.0 M for 96 h at room temperature. Precultured shoot tips
were then loaded with a loading solution containing 2 M glycerol and 0.4 M sucrose for 20 min,
subsequently treated with the PVS3 solution for 30 min prior to rapid immersion in liquid nitrogen
(LN). After 1 h of immersion in LN, shoot tips were rapidly rewarmed and unloaded in 1.2 M
sucrose for 20 min, and then transferred to DKW post culture medium supplemented with 2.2 µM
6-benzylaminopurine and 1.0 µM gibberellic acid. Shoot tips processed through this dropletvitrification protocol were able to regenerate with an efficiency of 55% after 4 weeks of culture.
Differential scanning calorimetry (DSC) analysis was used to monitor the formation of ice
crystallization in shoot tips during cryoprotective steps.

3.1

Introduction
American chestnut (C. dentata) is a tree species belonging to the Fagaceae or Beech family.

Native to eastern North America, this hardwood tree species used to dominate the Carolinian
forests prior to 19th century. The invasion of chestnut blight significantly dwindled the population
of American chestnut trees and they have been designated as endangered in Canada since 2004
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(Government of Ontario, 2018). The limited extant trees across Southern Ontario require
development of technologies for long term preservation to maintain the germplasm resources for
species recovery.
Cryopreservation is a technique to store biological samples at ultra-low temperature in liquid
nitrogen (LN, -196C). It has been considered the best choice for long term preservation of plant
germplasm resources using minimal space and maintenance cost under contamination-free
environment (Engelmann, 2004; Benson, 2008). The cryopreservation temperature (LN, -196C)
suspends all cellular metabolic processes of the tissues and they can be stored theoretically for an
infinite period of time without any modification of their genetic stability (Wang et al., 2012;
Harding, 2004; Engelmann, 2004).
For successful cryopreservation of tissues, it is essential to prevent lethal intracellular ice
crystal formation (IIF) which can occur during rapid freezing and rewarming (Engelmann, 2004;
Benson, 2008; Ninagawa et al., 2016). The high content of cellular water in plant materials freezes
naturally into ice crystal during cryopreservation and results in puncture of the cells wall causing
fatal damages. Therefore, plant materials must be efficiently dehydrated prior to cryopreservation
to avoid the cellular damages that occur from IIF.
Cryopreservation of plant tissues can be accomplished by two commonly available methods:
(1) two-step cooling (also called controlled rate cooling) and (2) vitrification. The classic two-step
cooling technique involves a programmable freezer to incubate the tissues at a very slow cooling
rate (- 0.25 to - 5 oC min−1) until the terminal temperature reaches -35 to -40 oC, followed by
immersion of the specimens in LN (Benson, 2008; Reed, 2008; Engelmann, 2004). In this method
migration of intracellular water to the outside of cells occurs due to osmotic equilibrium and the
ice forms extracellularly during the cooling process (Benson, 2008; Reed, 2008). The vitrificationbased methods are completely ice-free cryopreservation techniques that involve cell dehydration
followed by direct immersion in LN. In the process of vitrification, liquid is directly solidified into
an amorphous sate, also termed as a ‘glassy state’, without crystallization while retaining the
mechanical and physical properties of the solids (Taylor et al., 2004; Reed, 2008; Engelmann,
2004). For purpose of efficient vitrification, plant materials are commonly dehydrated with a
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highly concentrated Plant Vitrification Solution (PVS) before plunging into LN to minimize the
lethal injury at ultra-low temperatures. The vitrification-based protocols are more appropriate for
complex and heterogeneous tissues, such as shoot tips and somatic embryos that contain diverse
cell types with special requirements for cooling rates in freeze-induced dehydration (Reed, 2008;
Engelman, 2008). Shoot tips or apical meristems are commonly preferred genetic resources for
cryopreservation compared to other organs or tissues such as cells and seeds due to their
genetically stability (Benson, 2008; Wang et al., 2012).
Droplet-vitrification has been derived from the vitrification technique developed for
cryopreservation of Manihot esculenta shoot tips (Kartha et al., 1982). It is considered the most
recent advancement in cryopreservation technology and is currently being used widely for a
number of species (Panis et al., 2005). To date, droplet-vitrification based cryopreservation
protocols have been successfully applied to a wide range of species including woody species
(Sakai and Engelmann, 2007; Halmagyi et al., 2010; Folgado and Panis, 2018), crops (Sakai and
Engelmann, 2007; Sant et al., 2008; Park and Kim, 2015), ornamentals (Sakai and Engelmann,
2007; Gallard et al., 2008; Yin et al., 2014; Zhang et al., 2015), endangered species (Rathwell et
al., 2016; Salama et al., 2018), medicinal plants (Yang et al., 2019). Droplet-vitrification is
preferred due to its applicability to many types of tissues across species, cost efficiency, and userfriendly operations compared to other vitrification methods (Benson, 2008).
The first cryopreservation study of Castanea species was conducted on European chestnut
(Castanea sativa Mill.) in which shoot tips of five cultivars were successfully cryopreserved by
vitrification procedure (Jorquera et al., 2004). The highest shoot recovery rate (36 %) was observed
in the terminal buds as compared to the axillary buds which showed 8.3% recovery after
cryopreservation (Jorquera et al., 2004). Similar studies by Vidal et al. (2005) and San-Jose et al.
(2005) for cryopreservation of in vitro-grown apical meristems in European chestnut using
vitrification achieved 40-60% recovery rate after eight weeks of culture. However,
cryopreservation protocols for American chestnut have not been reported yet.
The present study attempted to establish an efficient cryopreservation method through droplet
vitrification using in vitro grown apical meristems of American chestnut for long-term
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preservation in GRIPP cryobank. The effect of preculture treatments and plant vitrification
solutions on regeneration efficiency of shoot tips were also examined to improve the survival after
cryopreservation.
3.2

Materials and Methods

3.2.1

Plant Materials

Apical meristems were derived from 4-week-old in-vitro grown American chestnut cultures
for establishing the droplet-vitrification cryopreservation (Figure 3.1 and 3.2 A). The stock
materials were sub-cultured in a liquid shoot multiplication medium composed of DKW (Driver
and Kuniyuki, 1984; PhytoTechnology Lab, Lenexa, USA) medium supplemented with 3%
sucrose, 2.2 µM 6-Benzylaminopurine (BA), 1.0 µM Gibberellic Acid (GA3), and 2 ml/L Plant
Preservative Mixture (PPM). The pH of the medium was adjusted to 5.7 prior to autoclaving for
20 minutes at 121C and 118 kPa. The stock cultures were maintained on a rocker based temporary
immersion system (Cultureshift; VRE System, ON, Canada) at 22  2 C with a 16-hour
photoperiod and light intensity of 50 μmol m-2 s-1. Source plant material was subcultured into fresh
medium after every 4 weeks of growth.
3.2.2

Cryopreservation by droplet-vitrification method

Shoot tips (1.0 - 1.5 mm long, Figure 3.2 B) containing 5 - 6 leaf primordia were excised from
stock cultures and stabilized overnight in the dark on semi-solid shoot multiplication medium
composed of DKW contents supplemented with 3% sucrose, 2.2 µM BA, 1.0 µM GA 3, and 2 ml/L
PPM. Shoot tips were precultured in sucrose-enriched solution (0.25 – 1.0 M sucrose) for
preconditioning in a duration of 24 – 96 h. Following the preculture step, shoot tips were loaded
in a loading solution (LS) comprising 2 M glycerol and 0.4 M sucrose for 20 min. After loading,
shoot tips were dehydrated with a plant vitrification solution (PVS2 or PVS3). The vitrification
solution PVS2 was comprised of MS (Murashige and Skoog, 1962) ingredients supplemented with
30 % glycerol (w/v), 15 % ethylene glycol (w/v), 15 % dimethylsulfoxide (DMSO; w/v) and 0.4
M sucrose at pH 5.7 (Sakai et al., 1990). The vitrification solution PVS3 consisted of 50 % glycerol
(w/v) and 50 % sucrose (w/v) in liquid MS medium as above at pH 5.7 (Nishizawa et al., 1993).
Following dehydration, five meristems were transferred onto an aluminum foil strip (1 x 4 cm)
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with droplets (about 3-4 l) of PVS2 or PVS3, followed by direct immersion into LN (+LN; Figure
3.2 C). After 1 h in LN, the frozen foils with shoot tips were removed from LN and immediately
plunged into an unloading solution (composed of 1.2 M sucrose), warmed up in a hot water bath
(40 oC) for a rapid rewarming for 30 - 60 seconds, and subsequently transferred to an unloading
solution at room temperature for 20 min. Meristems without treatment of LN (-LN) were directly
exposed to the unloading solution after dehydration and considered as the treated control. Next,
both cryopreserved shoot tips (+LN) and the treated control (-LN) were post-cultured on semisolid medium in Petri dishes (FisherbrandTM Petri Dishes with Clear Lid; 60 mm x 15 mm)
containing DKW medium with Vitamins (PhytoTechnology Lab), 3 % sucrose, 2.2 µM BA, 1.0
µM GA3, 2 ml l-1 PPM, and 2.2 g l-1 phytagel ® (Sigma-Aldrich, Oakville, Ontario) at pH of 5.7.
These samples were cultured in the dark for 5 days, dim light condition with 5 μmol m-2 s-1 for 5
days, and then transferred to normal culture room light (40 μmol m-2 s-1) for regeneration.
Regeneration rate was determined as the percentage of cryopreserved shoot tips showing green
color and growth under microscope after 4 weeks of culture in post culture medium (Figure 3.2
D).

Figure 3.1 Basic steps of droplet-vitrification method for cryopreservation.
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3.2.2.1 Preculture
The effect of pretreatment was determined by preculturing shoot tips in different sucroseenriched solutions with different duration as mentioned below:
I)

Shoot tips precultured in 0.5 M sucrose for 24 h;

II)

Shoot tips precultured in 0.5 M sucrose for 48 h;

III)

Shoot tips precultured in 0.5 M sucrose for 72 h;

IV)

Shoot tips precultured in 0.5 M sucrose for 96 h;

V)

Shoot tips precultured in 1.0 M sucrose for 24 h;

VI)

Shoot tips precultured in 1.0 M sucrose for 48 h;

VII)

Shoot tips precultured in 1.0 M sucrose for 72 h;

VIII) Shoot tips precultured in 1.0 M sucrose for 96 h;
IX)

Control; Shoot tips without pretreatment

All explants from each treatment were placed in a separate MagentaTM B-cap glass jar (Sigma
Aldrich, Oakville, Ontario) on a shaker with 100 rpm speed (MaxQTM 2000 Benchtop Orbital
Shaker, Thermo ScientificTM) for proper agitation. Each treatment contained 30 shoot tips and each
glass jar included 10 shoot tips.
Shoot tips precultured in different treatments were plated on the post-culture medium without
cryopreservation to determine the survival of the shoot tips after pretreatments. The survival rate
of precultured explants was defined as percentage of shoot tips showing yellowish green color
compared to the total number of samples after 4 weeks of recovery on post-culture medium.
Treatments showing surviving shoot tips were considered as suitable preculture conditions.
Shoot tips were treated under these suitable preculture conditions followed by loading and
exposure to PVS3 for 30 min before immersion in liquid nitrogen for cryopreservation (+LN).
Shoot tips without (-LN) cryopreservation but otherwise treated with the same procedures were
considered as the control. Both shoot tips with (+LN) and without (-LN) cryopreservation were
unloaded and subsequently cultured in the Petri dishes containing post-culture medium for
regeneration. Each Petri dish contained 10 shoot tips and there were 3 Petri dishes per treatment.
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An alternate preculture treatment examined the regeneration of shoot tips precultured in
stepwise concentrations (0.25 – 1.0 M) of sucrose for 96 h. Shoot tips were exposed to 0.25 M
sucrose for the first 24 h; 0.5 M sucrose for 24 h; 0.75 M sucrose for 24 h; and 1.0 M sucrose for
24 h . The survival and regeneration percentage of shoot tips in stepwise preculture treatment was
compared to the 0.5 M sucrose preculture treatment to determine the optimal pretreatment for
droplet-vitrification and cryopreservation of American chestnut.

3.2.2.2 Dehydration
Explants were treated with the plant vitrification solutions (PVS2 and PVS3) for dehydration.
Shoot tips were treated with ice cooled PVS2 for 90, 120, 150, 180, 210, or 240 min or exposed to
PVS3 at room temperature for 0, 30, 60, 90, or 120 min. Each treatment contained three replicates
and each replicate included ten shoot tips in a glass jar. The effect of exposure duration to both
PVS2 and PVS3 was determined by their regeneration rate after cryopreservation.

3.2.3

Differential Scanning Calorimetry Analysis

A thermo-analytical technique, Differential Scanning Calorimetry (DSC; Mettler Toledo,
Leicester, UK), was used to determine the thermal phase transitions in shoot tips of American
chestnut during cryopreservation. Samples were weighted and sealed in standard aluminum pans
and placed in the DSC. The DSC was cooled down from 20 °C to - 80 °C with a cooling rate of 10 °C min-1 and held isothermally for 5 min prior to rewarming back to 20 °C at a heating rate of
10 °C min-1.
Tested samples included: I) Control: Fresh shoot tips excised from stock culture without any
cryopreserved treatment; II) Loading: Shoot tips precultured in stepwise concentration of sucrose
for 4 days followed by loading solution for 20 min; III) PVS3: Shoot tips precultured in stepwise
concentration of sucrose for 4 days followed by loading solution for 20 min, subsequently
dehydrated by PVS3 for 30, 60, 90, and 120 min. IV) PVS2: Shoot tips precultured with stepwise
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concentration of sucrose for 4 days followed by loading solution for 20 min, subsequently
dehydrated by PVS2 for 120, 180, 240 min. Each treatment was replicated twice. Curves were
analyzed by STARe thermal analysis software (Mettler Toledo, Leicester, UK).
3.2.4

Statistical Analysis

All the experiments were replicated two times. Data were analyzed using a generalized linear
mixed model (GLIMMIX) for all the experiments, including preculture experiments and
dehydration experiments. Normality was tested using Shapiro-Wilk’s test of normality. Means
were compared according to Tukey-Kramer Honestly Significant Difference (HSD) test with α =
0.05 if ANOVA indicated a significant difference within model. The SAS system Proc Glimmix
(SAS University Edition, SAS Institute, Cary NC) was used for all statistical computations. Data
were presented by means ± standard errors and different letters demonstrate the significant
difference.
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Figure 3.2 Cryopreservation of shoot tips of American chestnut by droplet-vitrification. Shoot tips
were derived from four-week-old in vitro-grown shoot cultures (A). The shoot tip was 1.0 -1.5 mm
in length (B) containing 5 - 6 leaf primordia. After vitrification treatment, shoot tips were covered
by a drop (about 3-4 l) of vitrification solution on an aluminum foil strip (C) followed by direct
immersion into liquid nitrogen. The regenerated shoot tip after 4 weeks on post-culture medium
(D), compared to a dead shoot tip (E). Shoot regrowth (F) after 8 weeks on post-culture medium
following cryopreservation.
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3.3

Results
Cryopreserved shoot tips turned blackish in color after immersion in LN on post culture

medium but the shoot tips which survived turned green after 10 days of culture under normal
culture conditions and these regenerated meristems continued to grow within 4 weeks.
Cryopreserved shoot tips that remained dark brown in color after 4 weeks on post culture medium
were considered as dead (Figure 3.2 E). Figure 3.2 F shows a shoot with regrowth of healthy
elongated leaves.

3.3.1

Preculture

Preliminary experiments showed that shoot tips precultured in a lower level of sucrose had a
higher survival rate after 4 weeks of culture in post-culture medium. Similar to the control,
preculturing shoot tips in 0.5 M sucrose for 24 h produced maximum survival rate (100 %),
followed by the declining survival of shoot tips exposed in 0.5 M sucrose for 48 h (90 %), 72 h
(80 %), and 96 h (71 %) (Table 3.1). None of the meristems survived on 1.0 M sucrose during
preculture (Table 3.1). Based on these results, optimization of cryopreservation protocol via
droplet vitrification was attempted by preculturing shoot tips on 0.5 M sucrose in a duration of 24
to 96 h.
Cryopreserved shoot tips (+LN) demonstrated a similar regeneration rate (20 to 40 %) on
preculture treatment with 0.5 M sucrose solution for 48 - 96 h (Figure 3.3). The survival efficiency
of cryopreserved shoot tips regenerated on continuous 48-h exposure to 0.5 M sucrose was 38.3%,
similar to that with 72-h preculture duration (40 %), followed by 20 % regeneration in 96-h
preculture (Figure 3.3). Although 24 h exposure to 0.5 M sucrose supported 86.7% regeneration
of non-cryopreserved (-LN) shoot tips, none of the cryopreserved (+LN) shoot tips regenerated in
24 h preculture treatment (Figure 3.3). No statistical difference (70 to 86.7 %) was observed among
non-cryopreserved shoot tips with regards to regeneration percentage (Figure 3.3).
Shoot tips precultured in stepwise concentration of sucrose showed the maximum survival rate
(100%) without cryostorage and an improved regeneration (55 %) of cryopreserved shoot tips
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compared to those in continuous 0.5 M sucrose (Table 3.2). Cryopreservation protocol through
droplet vitrification was attempted with shoot tips precultured in stepwise concentration of sucrose.

Table 3.1 Effect of preculture on survival rate of non-cryopreserved (-LN) shoot tips. Shoot tips
after excision were precultured in different sucrose-enrich solutions with different durations,
followed by direct post culture. Results are shown as percentage of survival rate after 4 weeks.

Sucrose Concentration

Preculture Time

Survival Rate (%)

Control

0h

100

0.5 M

24 h

100

48 h

90

72 h

80

96 h

71

24 h

0

48 h

0

72 h

0

96 h

0

1.0 M
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100%
+LN
90%

-LN

80%

Regeneration Rate (%)

70%

60%
50%

a

a
40%

ab

30%
20%
10%
0%

b
24

48

72

96

Duration of Preculture in 0.5 M Sucrose (Hours)

Figure 3.3 Comparison of preculture duration for droplet-vitrification cryopreservation. Shoot tips
were precultured in 0.5 M sucrose with different durations, followed by loading and PVS3
dehydration for 30 min prior to cryopreservation. The effect on regeneration rate was observed
after 4 weeks. Data are represented as means ± standard errors. Means with same letters are not
significantly different at P = 0.05 according to the Tukey-Kramer HSD test.
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Table 3.2 The regeneration rate of precultured shoot tips. Shoot tips were precultured in 0.5 M
sucrose continuously for 24 – 96 h and in stepwise concentration of sucrose (0.25 to 1.0 M) for 96
h, followed by loading and dehydration through PVS3 exposure for 30 min. Shoot tips with (+LN)
and without (-LN) cryopreservation were unloaded and plated on post-culture medium. The effect
on regeneration rate was observed after 4 weeks of growth on post-culture medium. Data represent
means ± standard errors. Means followed by same letters are not significantly different at P = 0.05
according to the Tukey-Kramer HSD test.
+LN (%)

-LN (%)

Continuous Preculture
0.5 M (24 hrs)

0.0 ± 4.6

c

86.7 ± 8.3

0.5 M (48 hrs)
0.5 M (72 hrs)

38.3 ± 4.6
40.0 ± 4.6

ab
a

80.0 ± 8.3
76.7 ± 8.3

0.5 M (96 hrs)

20.0 ± 4.6

b

70.0 ± 8.3

Stepwise Preculture
0.25-1.0 M (96 hrs)

55.0 ± 4.6

a

76.7 ± 8.3

3.3.2

Dehydration

Cryopreserved shoot tips exposed to PVS2 generally showed 18.3 to 48.3 % regeneration. The
regeneration of cryopreserved shoot tips increased from 26.7% (120 min) to a significantly higher
rate of 48.3% (150 min) and 41.7% (180 min), followed by a decline in longer exposure duration
(Figure 3.4). Shoot tips without cryopreservation showed a continuous decline in regeneration in
longer duration of PVS2 treatments (Figure 3.4).
The time of exposure to PVS 3 between 30 to 120 min did not have a significant effect on
regeneration of cryopreserved shoot tips (48 – 55 %; Figure 3.5). Shoot tips that did not receive
treatment with cryoprotective solution for dehydration failed to regenerate after cryostorage
(Figure 3.2 E & Figure 3.5). Similar results were shown in PVS 3 treatments in which regeneration
percentage of treated controls decreased significantly in longer duration of PVS 3 treatments
(Figure 3.5). For PVS 3 treatments, highest regeneration (55%) was observed in cryopreserved
shoot tips that had been treated for 30 min.
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Figure 3.4 Comparison of different PVS2 duration on shoot tip cryopreservation using dropletvitrification method. Regeneration rate was counted after 4 weeks of post culture. Data are shown
as means ± standard errors. Means followed by same letters are not significantly different at P =
0.05 according to the Tukey-Kramer HSD test.
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z
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90%

-LN

y
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w
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a
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a

a
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Figure 3.5 Comparison of different PVS3 duration on shoot tip cryopreservation using dropletvitrification method. Percentage of regeneration was counted after 4 weeks of post culture. Data
are shown as means ± standard errors. Means followed by same letters are not significantly
different at P = 0.05 according to the Tukey-Kramer HSD test.
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Figure 3.6 Combined Differential Scanning Calorimetry (DSC) thermograms for comparison of
different PVS2 and PVS3 duration on shoot tip cryopreservation as compared to the control and
loading solution. Samples were held in DSC at 20°C, followed by cooling to -80°C with a cooling
rate of -10°C min-1, and kept isothermally for 5 minutes prior to rewarming the samples back to
20°C at a heating rate of 10°C min-1.

3.3.3

Differential Scanning Calorimetry Analysis

The thermoanalytical analysis was conducted to assess cryopreservation parameters in terms
of ice crystallization and melting during rapid freezing and rewarming. The exothermic peaks
show the control and loading treatments during cooling as appearance of ice crystallization. The
ice melting events are indicated in the control by a negative peak at 0oC and in the loading
treatment through a fluctuating signal (Figure 3.6). The crystallization was not observed in samples
after dehydration with PVS3 for 30 - 90 min or PVS2 for 120 - 240 min.

3.4

Discussion
Development of cryopreservation techniques is essential for long-term preservation of

endangered plant species to ensure their sustainability and security. Germplasms collections can
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be stored for an extended period of time through cryopreservation without concerns of
modification of their genetic stability, facilitating the species recovery and long-term protection
programs (Wang et al., 2012; Harding, 2004; Engelmann, 2004). The Gosling Research Institute
for Plant Preservation (GRIPP) has been developing cryopreservation protocols of a variety of
endangered species as well as economically important crops, including ginseng (Uchendu et al.,
2011), St. John’s Wort (Uchendu et al., 2013; Yang et al., 2019), American elm (Uchendu et al.,
2013), cherry birch (Rathwell et al., 2016), golden paintbrush (Salama et al., 2018), and Hill’s
thistle (Unpublished). To the best of our knowledge, cryopreservation of American chestnut has
not been studied yet. The current study developed the first cryopreservation protocol for American
chestnut using droplet vitrification method. This protocol is expected to be helpful for further
studies on cryopreservation of other chestnut genotypes and species and may also provide basis
for cryopreservation of many other endangered species. Further studies, however, are needed to
optimize regeneration efficiency which can be improved with analyses of nutritional and
environmental factors known to affect morphogenesis in vitro.
The current study describes a droplet-vitrification cryopreservation protocol of American
chestnut for in vitro-grown shoot tips. The droplet-vitrification cryopreservation has not been
reported in Castanea species, but the technique has been widely applied successfully to numerous
plant species, such as banana (Panis et al., 2005), rose (Halmagyi and Pinker, 2006), taro (Sant et
al., 2008), apple (Halmagyi et al., 2010; Condello et al., 2011), cherry plum (Vujović et al., 2011),
lily (Yin et al., 2014), blueberry (Wang et al., 2017), and shallot (Wang et al., 2018). With regards
to chestnut species, different cryopreservation protocols have been reported for European chestnut.
Jorquera et al. (2004) conducted the pioneer study on cryopreservation of European chestnut using
a two-step vitrification methodology. With this protocol, micropropagated Castanea sativa shoot
tips were cryopreserved with 42% shoot recovery from terminal buds in clone 818 and 37.5% in
clone 12 (Jorquera et al. 2004). Similarly, Vidal et al. (2005) reported cryopreservation of five
clones of Castanea sativa (clone 12, 812, & 818 of juvenile tissue origin and LA3 & PR5 of mature
tissue origin) using the vitrification procedure. The overall shoot recovery was 53.3 % (clone 818),
37.5 % (clone 12), 53.2 % (clone 812), 54.4 % (clone LA3), and 42.5 % (clone PR5) obtained
from cryopreserved apical meristems by vitrification (Vidal et al. 2005). Further, Vidal et al.
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(2010) described a vitrification-based cryopreservation procedure that applied to 46 genotypes of
in vitro grown European chestnut. The shoot recovery rate ranged from 0 % to 53%, indicating a
significant genotype-specific response among Castanea sativa (Vidal et al., 2010).
The preculture treatment of explant materials is essential to obtain high recovery rate of
cryopreserved samples. In the present study, the stepwise increase of sucrose concentration during
preculture treatments produced the highest recovery of shoot tips after cryopreservation. Shoot tips
of American chestnut were precultured for 96 h in sucrose-enriched solution with stepwise
concentration from 0.25 to 1.0 M, which significantly shortened the preculture duration. The
progressive increase of sucrose concentration during preculture treatments improved the survival
and regeneration rate of numerous species, such as corrigin grevillea (Touchell and Dixon, 1992),
sugar beet (Vandenbussche et al., 2000), black locust (Verleysen et al., 2005), potato (Yoon et al.,
2006), and grapevine (Pathirana et al., 2016). Jorquera et al. (2004) indicated that shoot tips of
European chestnut provided sufficient recovery rate when precultured in sucrose concentrations
between 0.1 to 0.4 M for 2 days at 4 oC, while shoot tips precultured in higher sucrose concentration
(0.7 M) showed significantly decreased recovery (7.4 %; Jorquera et al., 2004). The present study
also confirmed that preculturing shoot tips of American chestnut on 0.5 M sucrose for 48 – 72 h
at room temperature allowed good survival and regeneration, while shoot tips precultured with 1.0
M sucrose failed to survive. A two-step cold-hardening protocol was commonly used in
cryopreserved shoot tips of European chestnut to induce tolerance of materials to dehydration and
subsequent freezing in liquid nitrogen (Jorquera et al., 2004; Vidal et al., 2005; San-Jose et al.,
2005; Vidal et al., 2010). According to these studies, shoot tips of C. sativa required a minimum
of 2 to 3 weeks cold hardening before cryopreservation, and subsequently resulted in longer period
of cryopreservation process. The preculture treatment in the current study of American chestnut,
by contrast, significantly reduced the duration of preculture procedure with no need for cold
hardening, while maintaining regeneration ability of the shoot tips.
Following preculture, samples are loaded by a cryoprotectant solutions, also termed as a
loading solution, for osmoprotection in order to prevent possible damage during dehydration
(Sakai et al., 2008). Cryopreserved shoot tips are commonly pre-treated with a loading solution
consisting of 2 M glycerol and 0.4 M sucrose for 20 min, as this has proven to be efficient in
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enhancing tolerance to subsequent PVS exposure (Sakai et al., 2008; Nishizawa et al., 1993;
Matsumoto et al., 1994). Shoot tips of European chestnut were also treated with the same
composition and duration of the loading solution prior to dehydration (Jorquera et al., 2004; Vidal
et al., 2005; San-Jose et al., 2005; Vidal et al., 2010). The present study followed the same
composition and duration of loading treatment to attain shoot recovery by droplet vitrification
protocols.
Dehydration with highly concentrated cryoprotectant solution is the determinant step in
vitrification-based cryopreservation procedures. Samples are required to be exposed to a plant
vitrification solution for dehydration before immersion in liquid nitrogen. The plant vitrification
solutions, especially PVS2 and PVS3, can replace cellular water in order to protect the cells during
cryostorage (Sakai et al., 1991; Volk and Walters, 2006). In the current study, both PVS2 and
PVS3 were successfully used during cryopreservation of in vitro shoot tips of American chestnut.
Since dehydration is the step that causes the major damage to cryopreserved samples, optimization
of exposure duration and choice of PVS is critical for achieving high survival and regeneration
(Sakai et al., 2008). The current study showed that shoot tips exposed to PVS2 for 150 min showed
an optimal regeneration of 48 % through droplet-vitrification cryopreservation. Similar results
were obtained in European chestnut in which shoot tips exposed to PVS2 for 120 min at 0 oC
showed optimum shoot recovery (45.6 %) in vitrification cryopreservation (Vidal et al., 2005;
Jorquera et al., 2004). The composition of PVS2 includes ethylene glycol and DMSO that are
osmotic cryoprotectants with strong ability to rapidly penetrate cell walls and membranes (Volk
and Walters, 2006). The exposure to PVS2 should be carried at lower temperatures, usually with
assistant of ice, to reduce the toxicity and damage (Matsumoto et al., 1994). PVS3 is an alternative
cryoprotective solution for vitrification-based cryopreservation. In the current study, PVS3 was
used for dehydration during cryopreservation of chestnut species and 30 min exposure to PVS3
produced optimal regeneration of 55%. The application of PVS3 has not been studied in other
Castanea species yet, but the effect of PVS3 has already been confirmed in vitrification-based
cryopreservation of a number of species, such as apple (Wu et al., 2001), garlic (Kim et al., 2004),
asparagus (Nishizawa et al., 1993), pineapple (Martinez Montero et al., 2002), and chrysanthemum
(Kim et al., 2009). In the present study, although PVS2 and PVS3 both stimulated sufficient
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regeneration of cryopreserved shoot tips through droplet-vitrification cryopreservation, PVS3 was
a better solution due to reduced dehydration period. In addition, PVS3 is less toxic than PVS2 due
to the absence of ethylene glycol and DMSO, which results in an easier operation of PVS3 without
the need of ice-cooling during dehydration process. Kim et al. (2009) also showed a superior effect
of PVS3 compared to PVS2 in cryopreserved shoot tips of garlic and chrysanthemum by droplet
vitrification. Both garlic and chrysanthemum were sensitive to chemical toxicity of cryoprotectant
solutions and cryopreserved shoot tips of both species provided a higher recovery by PVS3
dehydration compared to PVS2 (Kim et al., 2009).
Post-culture after cryostorage is another important factor that directly influences the recovery
of cryopreserved samples. Cryopreserved shoot tips of American chestnut were post cultured on
DKW supplemented with 2.2 µM BA and 1.0 µM GA3 in the dark for 5 days, followed by dim
light and subsequently normal light. The addition of BA in the post culture medium significantly
improved the survival rate of cryopreserved shoot tips in grape and citrus (Wang et al., 2003). In
European chestnut, shoot tips following vitrification cryopreservation were post thawed on
recovery medium (Gresshoff and Doy, 1972) supplemented with 0.5 mg/L BA and 0.5 mg/L IAA
(Jorquera et al., 2004; San-Jose et al., 2005; Vidal et al., 2005; Vidal et al., 2010).
The differential scanning calorimetry analysis was done by exposing shoot tips of American
chestnut treated with various cryoprotective steps to rapid freezing and rewarming cycle in order
to detect the glass transition. Ice nucleation signal was shown during the freezing and rewarming
as crystallization and melting of the non-vitrified cellular water in the non-cryoprotected fresh
shoot tips and shoot tips only loaded with the cryoprotectant mixture. The disappearance of the ice
nucleation indicated a proper dehydration of shoot tips with PVS2 and PVS3 without formation of
ice during the rapid cooling and rewarming. Successful cryopreservation through dropletvitrification protocols have been monitored by differential scanning calorimeter in a number of
species, such as Lomandra sonderi (Menon et al., 2012), Rubia akane (Kim et al., 2012),
Atractylodes macrocephala Koidz. (Zhang et al., 2015), Betula lenta (Rathwell et al., 2016). These
thermograms results confirmed that samples after series of cryoprotective procedures were ready
for cryostorage at supercooling temperature.
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3.5

Conclusion
An efficient cryopreservation method through droplet vitrification was developed for shoot

tips of in vitro grown American chestnut. The stepwise increase of sucrose concentration during
preculture treatments had promotive effect on regeneration of cryopreserved shoot tips. Both PVS2
and PVS3 were effective in successful dehydration of shoot tips before immersion in liquid
nitrogen. PVS3 was superior to PVS2 due to its reduced chemical toxicity and less exposure
duration for proper dehydration. This study described the first successful cryopreservation protocol
of American chestnut for long term preservation and conservation. This method provides the
foundation for further study and might be helpful to develop cryopreserving protocols for other
chestnut species, as well as, threatened and endangered species in general.
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4 Chapter 4: Summary and Future Directions
American chestnut (Castanea dentata), an endangered tree species in Canada, was once a
dominant hardwood tree in the Carolinian forests of North America before the 19th century. The
introduction of chestnut blight, caused by fungus Cryphonectria parasitica, widely eliminated the
American chestnut population. The Government of Canada have implemented the recovery
strategy for the American chestnut in Ontario in order to support species conservation. However,
conventional propagation systems of American chestnut are inefficient and time-consuming for
large scale production of desired genotypes. The long-term preservation of the germplasms of
American chestnut suffers from uncertainties of technologies for propagation and conservation.
The current study describes the first successful in vitro propagation protocol for American chestnut
in liquid temporary immersion system with efficient mass production and the first cryopreservation
method for long-term preservation though droplet vitrification. Specific accomplishments of this
study are:
•

Development of an efficient liquid-based temporary immersion system for in vitro
grown American chestnut through optimizing the shoot multiplication and elongation,
rooting, and acclimatization in the greenhouse. The temporary immersion system
enabled higher shoot multiplication with reduced propagation time than the continuous
immersion system or semi-solid culture system.

•

Development of a liquid based system for highly efficient rooting of shoots and
plantlet growth. The entire micropropagation process required 3 to 4 months from the
day of bud collection to greenhouse transfer of plantlets.

•

Development of the first successful cryopreservation protocol of American chestnut
through cryopreservation of shoot tips by droplet vitrification protocol.

Together, these studies offer a solution to mass propagate American chestnut to increase their
population and preserve the remaining germplasm. It is particularly important to save trees that are
not yet infected with chestnut blight as some of these may be tolerant and hence useful for breeding
programs. The regeneration capacity of cryopreserved shoot-tips is low and requires further
improvements. This can be accomplished in future by manipulation of culture conditions including
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assessment of plant growth regulators such as melatonin and serotonin and optimization of light
spectrum for optimum growth. Further studies should also involve examination of the applicability
of the current protocols to diverse genotypes of American chestnut. Similarly, cryopreservation
protocols may also be tested with seeds, somatic embryos, and dormant buds to determine the
feasibility of cryopreservation of different tissues.
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