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ABSTRACT 

THE DEVELOPMENT OF RAPID PROPAGATION SYSTEMS FOR HEMEROCALLIS 

SP. (DAYLILIES) 

Joshua Callaghan     Advisor: 
University of Guelph    Dr. Max Jones 

Daylilies (Hemerocallis spp.) are ornamental flowering plants with over 80,000 

unique registered cultivars. Traditionally propagated through division, multiplication 

rates range from 1-20 divisions per season depending on cultivar, leading to a delay of 

up to 17 years for newly registered cultivars to reach a marketable level of plant 

material.  Micropropagation offers an alternative approach that can dramatically 

increase multiplication rates and is used extensively for the species. However, protocols 

have only been developed for a selected number of genotypes and many protocols go 

through a callus phase introducing concern over somaclonal variation. The objective of 

this study was to evaluate the multiplication stage of micropropagation to optimize a 

protocol that minimizes unwanted callus with some degree of compatibility among 

different cultivars. With the use of multiple cytokinins in a liquid medium, a protocol has 

been established and successfully used to bring several cultivars into culture. 
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General Introduction 

Daylilies (Hemerocallis spp.) are ornamental flowering plants that have had a 

remarkably versatile history in terms of human utilization. Common in eastern China, it 

has historically been used for medicinal practices and culinary arts, but its most favored 

application in North America is in the ornamental industry (Chen al. 2005; Rodriguez-

Enriquez and Grant-Downton 2012). Renowned for their diversity, Daylily cultivars come 

in numerous combinations of size, colours, shapes, and patterns (Tomkins et al. 2001; 

Chen et al. 2005; Gulia et al. 2009). Decorative Daylilies have become a staple plant for 

landscape architecture and ornamental gardens all around North America. While one 

species of Daylilies, Hemerocallis fulva  L. (aka: tiger lily/ ditch lily), can be easily and 

rapidly propagated through root cutting, the majority of Hemerocallis species cannot and 

are traditionally propagated through crown divisions (Chen et al. 2005; Leclerc et al. 

2006; Gulia et al. 2009). This has led to a delay in propagating a marketable levels of 

plant material, reaching up to 17 years for newly registered cultivars (see section 1.1.7) 

(Dunwell 2000; Chen et al. 2005; Gulia et al. 2009). Since hobby breeders (producers) 

are responsible for the majority of Daylily breeding, this delay is considered to be 

detrimental, often limiting the growth of small scale businesses and discouraging any 

chance of evolving from a hobby business into a primary source of income. Due to this 

delay and/or lack of plant material, many unique cultivars are unable to be sold by 

established nurseries, limiting the revenue sources of hobby breeders/producers to road 

side sales and exchanges among breeders. 
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Alternative propagation methods, both in vitro and ex vitro, have been investigated 

to overcome this limitation; however, they are often dismissed/discouraged among 

producers. This dismissal can be attributed to two major criticisms including: a high risk 

of mutation related to somaclonal variation, and a lack of compatibility among cultivars. 

Further examination indicates that current tissue culture protocols focus on indirect 

organogenesis, a form of micropropagation that induces callus tissue prior to shoot 

differentiation (Heuser and Apps 1976; Krikorian and Kann 1981; Krikorian et al. 1981; 

Dunwell 2000; Li et al. 2002, 2009; Chen et al. 2005; Adelberg et al. 2007; Matand et al. 

2013). Though effective in producing a high number of plants, this form of propagation 

is typically associated with high mutation rates (discussed further in section 1.2) (Bairu 

et al. 2011). The second criticism refers to the fact that protocols are generally 

developed using a few commercially available cultivars and may be incompatible or less 

successful with new cultivars. As such, even if hobby breeder were to accept the risk of 

mutations, they would still have to invest time, money, and resources to optimize the 

protocols to meet the needs of their specific cultivars. 

Despite these criticisms, demand for unique cultivars has enticed the interest of 

many producers to begin experimenting with tissue culture protocols. Past research has 

noted that eliminating the callus phase was possible given favorable conditions, 

however, a study focusing on optimizing these conditions has yet to be conducted 

(Chen et al. 2005). The focus of this thesis will be to work closely with our industry 

partner to produce a system that will enable large scale micropropagation of a wide 

variety of cultivars while eliminating indirect regeneration to minimize somaclonal 

variation. Further, by working closely with industry partners, it is hoped that these 
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protocols are implemented at a commercial level to help small scale breeders reach 

larger markets. Success in this research will ultimately eliminate the delay for new 

cultivars to reach market and provide a chance for hobby breeders to pursue 

commercial production.   
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1 Chapter 1: Literature Review 

 Daylilies- Background Information 

1.1.1 Taxonomy of Daylilies 

Originally placed in the lily family (Liliaceae), the genus Hemerocallis has been 

reviewed and moved on several occasions (Gulia et al. 2009; Rodriguez-Enriquez and 

Grant-Downton 2012). A number of different classification methods have been applied 

to this genus, from morphological classification to genetic techniques including PCR and 

restriction enzyme analysis (Mcgarty 2008). With the application of modern 

classification methods, the genus was initially placed into its own family, 

Hemerocallidaceae, but has since been absorbed into the Xanthorrhoeaceae (grass 

tree family) in 2009 (Gulia et al. 2009; Rodriguez-Enriquez and Grant-Downton 2012; 

“ITIS Standard Report Page: Hemerocallis” 2019). The Xanthorrhoeaceae family 

consists of what were formally referred to as Hemerocallidaceae, Asphodelaceae and 

Xanthorrhoeaceae (Gulia et al. 2009; Rodriguez-Enriquez and Grant-Downton 2012). 

This change in classification was re-enforced with morphological characteristics such as 

the shape of the seeds, placement of nectaries and root type differing between 

Hemerocallidaceae and the Lilliaceae family (Rodriguez-Enriquez and Grant-Downton 

2012). However, according to Rodriguez et al. (2012), the most recent molecular work 

has once again resurrected the family Hemerocallidaceae.  

According to the integrated taxonomic information system, there are currently six 

recognized daylily species, however, past literature has referenced up to 20 different 

species that can be identified based on characteristics including root structure, petal 
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shape, bloom window, size, and other morphological characteristics (discussed further 

in section 1.1.4) (Gulia et al. 2009; “ITIS Standard Report Page: Hemerocallis” 2019). 

The taxonomy of the genus is further complicated in ornamental cultivars due to 

hybridization and selection (Rodriguez-Enriquez and Grant-Downton 2012). With over 

80,000 registered cultivars, ploidy ranges from diploids with 22 sets of chromosomes, 

triploids with 33, and tetraploids with 44 (Gulia et al. 2009). The diversity among this 

genus continues to increase with numerous cultivars being registered every year 

(Tomkins et al. 2001; Rodriguez-Enriquez and Grant-Downton 2012). As the number of 

different cultivars continues to grow, classification based on morphological 

characteristics will become much more challenging which will most likely result in 

another review of the species in the near future.  

1.1.2 History of Daylilies 

Originating from Asia and cultivated for medicinal uses, Daylilies are considered 

to have exceptional medicinal value (Chen et al. 2005; Gulia et al. 2009; Rodriguez-

Enriquez and Grant-Downton 2012). In Japan and China, Daylilies have been known to 

treat sleep disorders and alter moods, earning the title ‘forget ones sorrow plant’ 

(Rodriguez-Enriquez and Grant-Downton 2012). Roots of certain cultivars (Hemerocallis 

sp cv. fava) have also been associated with pain-killing properties (Lin et al. 2003; Chen 

et al. 2005). While the bioactive constituents from Hemerocallis sp. fulva var. Kwanzo, 

have shown signs of having anti-tumor effects against four human cancer lines 

(Cichewicz and Nair 2002; Cichewicz et al. 2002, 2004; Chen et al. 2005). Rich in anti-

oxidants, Daylilies have also been seen in vegetables gardens in the far east of China 

and other countries in the region (Rodriguez-Enriquez and Grant-Downton 2012). 
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Although they can be eaten raw, the buds are often dried and incorporated into soups 

and stews (Rodriguez-Enriquez and Grant-Downton 2012). Outside of this region, 

Daylilies are primarily used as ornamental flowers.  

Embraced by breeders for their diversity, in the past 60 years over 40,000 

cultivars have been registered and despite years of intense breeding new hybrids are 

continuously appearing (Tomkins et al. 2001; Rodriguez-Enriquez and Grant-Downton 

2012). Breeding will typically involve crossing two heterogeneous genotypes followed by 

a selection of flowers and plant growth phenotypes. The selected plants are then 

vegetatively propagated and registered with the appropriate association, depending on 

the infrastructure set in place by the Daylily community (i.e. Ontario Daylily Association, 

American Daylily Society, etc..) (Tomkins et al. 2001). From here, breeders may choose 

to sell their genetics to other breeders/producers or go into production with the hopes of 

entering their cultivar into the market. Further research continues into the medicinal 

potential of Daylilies, however, for the purposed of this paper we will be focusing on 

overcoming the barriers in the ornamental industry. 

1.1.3 The Daylily Industry   

Daylilies are considered to have a high economic impact in the horticultural 

industry due to their extensive use in landscaping and their high tolerance to abiotic 

conditions (Adelberg et al. 2007; Li et al. 2009; Zhang et al. 2014; Podwyszyńska et al. 

2015). However, many of the producers involved in the Daylily industry are hobbyists 

working with limited capital. As a result, they must rely on road side sales and the 

distribution of genetics as a primary form of income. Many distributional channels such 
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as local nurseries and corporate chains could link producers to the consumers by offer 

these unique cultivars to the public. However, they can only do so if a large quantity of 

plant material is readily available at a similar stage of maturity. Due to the slow rate of 

division (discussed in section 1.1.7), combined with a limited infrastructure for 

production, the delay experienced by hobby breeders makes it nearly impossible for 

some cultivars to reach the market. By increasing the production rate, hobby breeders 

will have the potential to tap into these already established distributional channels. With 

the average Canadian household spending $650.00 per year on products and services 

in the ornamental sector of the horticulture industry (Husband 2014), it is believed that 

as the availability of new cultivars increases, the economic value of Daylilies will 

increase accordingly. 

1.1.4 Anatomy and Physiology of Daylilies 

Daylilies are mainly composed of ramets (fan like leaves) and consists of a stem 

flowering inflorescences, roots, and sometimes rhizomes (depending on the species) 

(Gulia et al. 2009). The crown contains the apical meristem and a depression where the 

leaves and the roots arise (Gulia et al. 2009). Roots can either be fibrous or 

rhizomatous, and is one of the main criteria’s for separating Daylilies into species (Gulia 

et al. 2009). Roots with fleshy tuberous like structures are typically identified as the H. 

sp. citrine L., while roots that thicken near the end are identified as either H. sp. minor L. 

and H. sp. nana L. (Gulia et al. 2009). Finally roots that are cylindrical are classified as 

H. sp. dumortieri L., while those that are spinal shaped are classified as H. sp. fulva 

(Gulia et al. 2009). These root characteristics contribute to the reputation of Daylilies as 

drought tolerant plants. Species that form rhizomatous roots can store large amounts of 
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water, while fibrous root species can exploit the soil water to a higher degree (Gulia et 

al. 2009).  

Daylily leaves are distichous, arranged in a fanlike formation and cannot be 

divided into the blade, petioles and base regions (Gulia et al. 2009). Daylily stems will 

grow from the middle of the ramet and will typically give rise to 1-3 flower inflorescences 

per season (Gulia et al. 2009). The Daylily inflorescences are either a bostryx or 

modified cyme, meaning that the left or right bracts are more vigorous than the apex 

(Gulia et al. 2009). The shape and arrangement of the bracts on the inflorescence can 

also be used in determining the species, for examples: H. sp. nana species have no 

bracts, while the bracts from H. sp. middendiorffii L. species are broad, oval shaped and 

overlap (Gulia et al. 2009). The bracts of H. sp. darrowiana L. species are typically 

about 4 cm in length, while the length of H. sp. altissima L. species is around 200cm 

(Gulia et al. 2009). As with many monocots, each flower consists of three petals 

surrounded by three sepals (Gulia et al. 2009). The throat, where the flower meets the 

stem, will often be a different colour from the flower and has six stamens protruding 

from it (Gulia et al. 2009). While the anatomy of each cultivar remains relatively 

constant, Daylilies demonstrate a number of different growth habits explained below. 

1.1.5 Growth Habits of Daylilies 

Daylilies are perennial flowering plants that display one of three growth habits 

including: dormant, evergreen and semi-evergreen (Gulia et al. 2009). Dormant types 

begin to grow in the spring when days are long and temperatures are high. When days 

become short and the temperatures decrease, they go dormant until the following spring 
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(Gulia et al. 2009). Prior to entering dormancy, a compact resting bud is formed in the 

crown where it can be protected from freezing and dehydration before emerging the 

following season (Gulia et al. 2009). Evergreens do not set resting buds and grow 

throughout the year, when exposed to freezing temperature the leaves, and on some 

occasions the entire plant, may die (Gulia et al. 2009). Finally semi-evergreens do not fit 

either criteria as growth is commonly dictated by environmental conditions (Gulia et al. 

2009). If the prevailing weather is warm semi-evergreens will continue to grow, 

however, a resting bud may form in cooler climates (Gulia et al. 2009). In today’s 

market, semi-ever greens appeared to have taken a leading role in sales, with many 

modern hybrids originating from a cross between an evergreen and a dormant cultivar 

(Gulia et al. 2009).  

1.1.6 Traits of Interest 

 As mentioned above, there are numerous Daylily cultivars in circulation. 

However, the pricing is not standardized, with the value of a cultivar being determined 

by both horticultural characteristics and personal taste. Characteristics such as: 

complex colours, vigorous growth, large organs, plant height, stem length, leaf size and 

multiplication rates all play a role in determining the value of a cultivar. Controversial 

arguments between ploidy levels have arisen in past years with many arguing that 

ploidy level is what ultimately influences the demand of a cultivar (Gulia et al. 2009; 

Zhang et al. 2014; Podwyszyńska et al. 2015). Many of the characteristics listed above 

such as flower size are considered to be far superior in polyploidy cultivars when 

compared to their diploid counter-parts, resulting in higher demand and increased value 

(Gulia et al. 2009; Podwyszyńska et al. 2015). In fact, in recent years tetraploids have 
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taken a leading position in sales, supposedly as a result of their desirable traits (Gulia et 

al. 2009; Podwyszyńska et al. 2015). However, what is arguably the most critical 

characteristic in determining the value of a cultivar is its blooming window. As a general 

rule, each flower only lasts for a day, hence the origin of the Greek name “Hemerocallis” 

translated to ‘day beauty’, followed by its common name Daylily (Gulia et al. 2009). It is 

for this reason that bud count is a critical, as it prolongs the blooming window of the 

plant. While some cultivars will bloom for up to four weeks at a time, others known as 

bud builders, continuously produce flowering buds throughout the season (Gulia et al. 

2009). Some species, known as re-bloomers extend their bloom window by initiating 

multiple inflorescences in series (Gulia et al. 2009). It is because of these 

characteristics that some cultivars are considered to be far more valuable than others, 

making the conservation of genetic traits crucial when discussing new propagation 

methods.  

1.1.7 Challenges with Current Propagation Methods  

Despite a high degree of popularity, current methods of propagation have limited 

the marketability of most Daylily cultivars (Dunwell 2000; Gulia et al. 2009). Although 

Daylilies have the ability to produce seeds, existing cultivars are highly heterozygous 

and do not produce true to type seeds. As a result, they are typically propagated 

asexually through crown divisions by separating the crowns into individual units (Gulia 

et al. 2009). Though Daylilies are traditionally propagated through division, the 

multiplication rates are notoriously dependent on the cultivar at hand (Dunwell 2000; 

Gulia et al. 2009). While some cultivars may produce upwards of 20 divisions per 

season, allowing breeders to reach a marketable level of plant material within 5 years 
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(sometimes less), other cultivars may only produce a single division per season, 

resulting in a delay of up to 17 years (Dunwell 2000; Chen et al. 2005; Gulia et al. 2009; 

Matand et al. 2013). Other methods of asexual propagation such as proliferations, in 

which a small shoot that develops on the scape can be rooted, can aid in overcoming 

this delay (Gulia et al. 2009). However, the development of proliferations is sporadic 

and this method is unreliable for commercial propagation (Gulia et al. 2009). Though the 

use of vegetative propagation is slow it has presented a great deal of security in 

preserving the genetic identity of the parent plant.  

Alternative methods involving the foliar application of plant growth regulators 

(PGRs)  using Carbon Dioxide (CO2) backpack sprayers have been studied with some 

success, but continue to be dismissed by producers (Leclerc et al. 2006). Five different 

PRGs compositions were investigated including: liquid 6-Benzylaminopurine (BAP) at 

1250, 2500 and 3750 mg/L, Cycocel at 1000, 2000 and 3000 mg/L, ethrel at 300, 600, 

and 900 mg/L, apogee at 75, 150, and 225 mg/L and a seaweed/PGR mixture + 10% 

indole-3-butyric acid (IBA) + 0.05% BAP at 1000, 2000, 3000 mg/L of seaweed extract 

(Acadian seaplants Ltp. Liquid seaweed concentrate). Results indicated that after two 

foliar sprays, plants treated with the Cycocel at 3000 mg/L, produced a significantly 

greater number of divisions than the control (Leclerc et al. 2006). Unfortunately, Cycocel 

was only able to increase the number of divisions to two per season, while this was 

double the multiplication rate, this method was not successful enough to be adopted by 

current producers. Other methods of ex vitro propagation include removing the tops off 

crowns and applying PGRs (i.e. IBA and BAP) directly to the open wound, forcing the 

production of offshoots that can be rooted (Heuser and Apps 1976; Kirby-Smith and 
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Kasha 1981; Dunwell 2000). However, removing the tops of the crowns placed the 

parent plant at high risk, resulting in producers dismissing this method (Dunwell 2000).   

 Tissue culture has also been reviewed as an alternative to division, with a number 

of different protocols already published (Heuser and Apps 1976; Krikorian and Kann 

1981; Krikorian et al. 1981; Dunwell 2000; Chen et al. 2005; Adelberg et al. 2007; Li et 

al. 2010; Matand et al. 2013). However, there are concerns when applying these 

protocols to new cultivars (Discussed further in section 1.2.5) (Heuser and Apps 1976; 

Krikorian and Kann 1981; Krikorian et al. 1981; Dunwell 2000; Li et al. 2002, 2009; 

Chen et al. 2005; Adelberg et al. 2007; Matand et al. 2013). While demand continues to 

increase and current methods of propagation continue to hinder commercialization of 

unique cultivars, a new approach must be adopted to overcome these limitations.   

 Tissue Culture 

1.2.1 Principles of Micropropagation 

Tissue culture is defined as the aseptic culture of cells, tissues, organs and their 

components under defined conditions (Thorpe 2007). It originates from the German 

scientist Gottieb Haberlandt, and over the years developed into five broad areas 

including: cell behavior, plant modification and improvements, pathogen free plants and 

germplasm storage, clonal propagation (micropropagation), and product formation 

(secondary metabolites) (Thorpe 2007). Tissue culture continues to be an important tool 

in the area of plant biology and biochemistry and has assumed a major role in modern 

agricultural research (Thorpe 2007). However, despite the many applications of tissue 
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the question remains: “why is tissue culture often dismissed in the Daylily industry”? To 

answer this question, we will first have to look into the cycle of micropropagation.  

The cycle of micropropagation can be categorized into 5 stages including: 0) the 

selection and maintenance of parent material, 1) establishment of cultures, 2) shoot 

multiplication (somatic embryogenesis), 3) rooting, and 4) acclimatization (see Figure 

1-1). Often over looked, the first step in micropropagation is the selection of parent 

material, sometimes referred to as “stage 0” (George et al. 2008). The selection of 

parent material is critical when developing any tissue culture protocol due to the 

phenomenon known as totipotency. Totipotency refers a single cell having the potential 

to give rise to any cell type and given the right conditions, an entire plant (Fehér 2019). 

While in theory, any cell is capable of developing into a whole plant, the success 

depends on various factors including age, location, and size of original explant, with 

young fresh cells have a higher chance of success. The second stage, or stage 1 of 

micropropagation is known as the establishment stage. Here explants are surface 

sterilized and established onto initiation medium. Explants may exhibit what is known as 

a lag phase, where the natural cycle of the cell is changed based on the composition of 

the medium. This stage is critical, as the explants must survive the lag phase while still 

recovering from the surface sterilization. Any explants that show signs of contamination 

are typically removed or re-surface sterilized prior to reaching the next stage (George et 

al. 2008).  
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Figure 1-1. Stages of micropropagation in Daylily (Hemerocallis sp.), including (A) the selection of parent material 
used; (B) a clear view of direct regeneration, representing culture establishment; (C) the multiplication of a single 
explant into 7 new explants, representing the multiplication stage; (D) rooting of plant as it prepares for the 
greenhouse; (E) explants that have survived the first cycle of micropropagation within 8 months of initiating the 

original explant. 
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Once the explants have survived the lag phase and resume growth, they will enter 

into stage 2, the multiplication stage. Here the medium is adjusted to induce a high 

degree of shoot multiplication, or in some cases somatic embryogenesis, that can be 

divided and sub cultured into individual units (Figure 1-1). Typically, this stage is 

repeated leading to exponential increases in the number of plants over multiple 

subcultures. During multiplication, one of two methods of micropropagation will take 

place including: direct or indirect organogenesis/embryogenesis. The main difference 

between the two is the presence/absence of a callus phase, in which the regenerating 

plant is either induced directly from the original explant (direct) or from a cluster of 

undifferentiated cells known as a callus (indirect) (discussed further below). Once an 

adequate level of plant material is reached, explants are transferred onto stage 3, the 

rooting stage.  

In the rooting stage, the media composition is altered to induce rooting and 

prepare the explants to enter into a more natural environment (George et al. 2008). 

Cytokinins will typically be eliminated from the media while the nutrient and sucrose 

concentrations may be reduced by 50%. Auxins are generally added in this stage, 

however, they are not always necessary depending on the species/cultivar. This results 

in the explants developing fibrous roots which, given time, could lead to a complex 

rooting system.  

 Once the explants have developed hardy roots, they are transferred into the final 

stage of micropropagation, which generally involves the acclimation into the green 

house (George et al. 2008). Though this stage is often overlooked, failure to transfer the 
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explants into the green house properly may result in a significant loss and represent a 

major bottle neck in any micropropagation system (George et al. 2008). Acclimation is 

vital in tissue culture protocol for two main reasons, the first is that explants are grown in 

a high humid environment with low light resulting in altered leaf chemistry/anatomy 

(George et al. 2008). In some cases, the stomata of leaves may be atypical and 

incapable of complete closure in low humidity, resulting in rapid water loss when moved 

into an ex vitro environment (George et al. 2008). The second is the change in the 

carbohydrate source. Cultured explants are not fully dependent on photosynthesis and 

as a result, sucrose is added to the media as a source of carbohydrates (George et al. 

2008). Though the plantlets can adapt to survive, it will typically take a number of days 

to adjusts to their new environment, making them extremely vulnerable to heat stress 

(George et al. 2008). Traditionally, when removing plantlets from tissue culture, the agar 

is washed off of the roots and the plantlets are placed in a relatively high humid 

environment supplied by either water vapor or mist beds (George et al. 2008). After 

one-two weeks the plants are removed and placed into potting mix under a humidity 

dome. After one week the humidity domes are removed and the plants can be watered 

as required. In some cases, stage 3 and 4 (rooting and acclimatization) are combined 

into a single step in which plants develop roots ex vitro. This approach is generally 

preferred for commercial applications as it reduces the number of steps and ultimately 

reduces labour costs. However, it is only practical with some species.  

1.2.2  Media Composition 

Tissue culture media is made up of numerous chemicals, both synthetic and 

natural which includes cytokinins, auxins, sucrose, gibberellic acid, etc... The availability 
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and concentration of these components greatly influence the success and growth of the 

explant in culture. However, based on a combination of endogenous chemicals and 

plant requirements, the composition of the media may change for every species and 

even among cultivars. Endogenous auxins are produced in the foliar tissue and promote 

rooting, while endogenous cytokinins are produced in the roots and promote foliar 

growth. These two PGRs are considered to be the most common factors that influence 

growth in vitro. Kinetin was the first cytokinins discovered as the breakdown product of 

herring sperm deoxyribonucleic acid (DNA) (Thorpe 2007). The availability of kinetin led 

to a number of species being successfully established into culture that would otherwise 

have failed (Thorpe 2007). More importantly this led to the understanding of the balance 

between auxins and cytokinins, a high auxin to cytokinins ratio will led to favorable 

rooting, while a higher cytokinins ratio will led to shoot formation (Thorpe 2007). A 

number of publications have investigated the micropropagation of Daylilies, however, 

none have investigated optimizing the PGRs for direct organogenesis (discussed further 

in section 1.2.5)  (Heuser and Apps 1976; Krikorian and Kann 1981; Krikorian et al. 

1981; Chen et al. 2005; Adelberg et al. 2007; Li et al. 2010; Matand et al. 2013).  

Preliminary investigations have indicated a positive response when coupling both 

BAP and kinetin. A similar effect to Ashraf et al. (2014) study on Chlorophytum 

borivilianum L., who noted that BAP alone was significantly effective with shoot 

multiplication, while kinetin alone was significantly effective on shoot elongation. When 

combined, BAP and kinetin stimulated an interaction producing greater shoot 

multiplication and length compared to their individual application (Ashraf et al. 2014). 

Recent studies by Matand et al. (2013) investigated both BAP and Kinetin, however, the 
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investigation did not evaluate their simultaneous effect. Other factors such as sucrose 

can also greatly influence the growth of an explant with a number of past articles 

indicating a direct relation between sucrose concentrations and the development of 

callus (Adelberg et al. 2007; Beihaghi et al. 2018). Past articles also investigated the 

influence of sucrose concentrations on Daylilies (Chen et al. 2005; Adelberg et al. 2007; 

Li et al. 2010). However, these articles once again, focused on inducing callus as 

oppose to minimizing it (Chen et al. 2005; Adelberg et al. 2007; Li et al. 2010).   

 When considering a species that contains potentially high levels of endogenous 

PGRs, one of two methods can be used to mediate the ratio. The first is to simply 

increase the complementary PGR concentrations thereby balancing out the ratio, the 

second is to introduce a PGR inhibitor. Auxin inhibitors (AI) for example, work by either 

binding to a specific mechanism used to synthesize/produce auxins (i.e. alter auxin 

metabolism or inhibit transport) or through competition. The use of AI to eliminate 

unwanted callus caused by high levels of endogenous auxins is not uncommon, with a 

number of studies observing an increase in multiplication rates in addition to observing 

direct organogenesis when treating Cucumber and Millingtonia  hortensis L with 2,3,5-

triiodobenzoic Acid (TIBA) (Shukla et al. 2014; Hegde and D’souza 2016).  

1.2.3 Liquid Systems 

Agar is another media component often investigated when developing a new 

micropropagation protocol. Despite both liquid and semi-solid systems being used for 

Daylilies, a comparative study between the two focusing on minimizing unwanted callus 

has yet to surface (Heuser and Apps 1976; Krikorian and Kann 1981; Krikorian et al. 
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1981; Chen et al. 2005; Adelberg et al. 2007; Li et al. 2010; Matand et al. 2013). 

Previous studies focusing on optimizing micropropagation for Daylilies have indicated 

that liquid systems do result in a higher levels of growth (i.e. increased biomass) 

(Heuser and Apps 1976; Chen et al. 2005; Adelberg et al. 2007). Though, these studies 

focused on inducing unwanted callus, it does yield a question “if callus is 

reduced/eliminated, would we still observe an increase in the bio mass of the explant 

(i.e. larger shoot tissue, or increased multiplication)?”. Liquid systems have been known 

to increase biomass and multiplication rates compared to their semi-solid counterparts 

in species such as Glycyrrhiza glabra (L.), better known as licorice, Black walnut and 

Annatto (Mehrotra et al. 2009; da Cruz et al. 2014; Stevens and Pijut 2018). This could 

be explained by a decrease in the local accumulation of toxins caused by agitating the 

media (Douglas 1984; Chen 2015). In addition to the decrease in toxins, PGRs are 

more readily available in liquid systems, resulting in increased multiplication rates 

(Douglas 1984; Chen 2015). 

Rocker based temporary immersion systems (TIS) are standard practice in tissue 

culture and provide adequate gas exchange by temporarily submerging the explants 

into the medium by gently rocking the vessel back and forth. However, TIS are 

expensive and may limit the accessibility of tissue culture for small scale breeders. As a 

result, a static liquid system such as the gravity well (We Vitro inc., Guelph, ON), (see 

Figure 2-1)  have been developed with the aim of minimizing the costs associated with 

TIS. This system uses passive hydrostatic pressure to supply and replenish a constant 

film of liquid media for the explants to absorb. This system is considerably more cost 
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effective for small scale micropropagation, while still potentially providing all the benefits 

of a TIS. 

1.2.4 Micropropagation of Daylilies  

Current micropropagation protocols for Daylilies, have successfully completed 

each of the stages listed in section 1.2.1  (Heuser and Apps 1976; Krikorian and Kann 

1981; Krikorian et al. 1981; Chen et al. 2005; Adelberg et al. 2007; Li et al. 2010; 

Matand et al. 2013). Though much of this literature dates back more than 30 years, 

recent studies such as Chen et al. (2005) aimed to optimize the in vitro growth of 

meristematic clusters for large scale micropropagation systems. Though this article did 

focus on inducing callus, it was the first to mention observing direct organogenesis with 

the use of Paclobutrazol (PAC), a gibberellic acid (GA) inhibitor. The effects of PAC on 

Daylilies is limited with further research being required, however, this does indicated 

that the micropropagation of Daylilies through direct organogenesis is possible.  

1.2.5 Challenges with the Micropropagation of Daylilies 

Despite the many protocols already published, the Daylily community often 

dismisses and even discourages any form of aseptic propagation (Heuser and Apps 

1976; Krikorian and Kann 1981; Krikorian et al. 1981; Chen et al. 2005; Adelberg et al. 

2007; Li et al. 2010; Matand et al. 2013). Two reasons have been identified as the 

source of this animosity, the first is that current protocols are only optimized for a hand 

full of cultivars in an industry with over 80,000 (Tomkins et al. 2001). Although a 

genotypic response has been noted, many of the publications overlook the need for a 

robust protocol (Adelberg et al. 2007; Matand et al. 2013). Adelberg et al. (2007) and 
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Matand et al. (2013) were the only two publications to date that evaluated their systems 

on multiple cultivars. However despite success, both articles still concluded that a 

genotypic variation was observed and further research was required (Adelberg et al. 

2007; Matand et al. 2013). To our knowledge the degree of the genotypic variability has 

not been thoroughly investigated, which has become an obstacle for producers who are 

interested in the benefits micropropagation. Prior to enabling producers to begin to 

experiment with tissue culture protocols, the genotypic variability must be quantified to 

some extent.  

The second is the high risk of somaclonal variation, in an industry where any 

form of variation may destroy the reputation of the breeder/producer resulting in a loss 

of future sales (any hint of the word mutations is met with extreme prejudice). When 

inducing shoots organogenesis from callus tissue (indirect organogenesis), the risk of 

variations between cells increases significantly compared to direct regeneration, 

resulting in a higher risk of somaclonal variation (Bairu et al. 2011). The term 

“somaclonal variation” is a phenomenon that describes the variability between clones 

and parent material as a result of in vitro multiplication (Bajaj 1990; Bairu et al. 2011; 

Wang and Wang 2012). The definition has evolved over many years, but is now 

recognized as a term used to encompass all forms of tissue culture derived variants 

(Bajaj 1990; Bairu et al. 2011; Wang and Wang 2012). Despite years of extensive 

research, the mechanisms behind somaclonal variation remains largely unknown (Leva 

et al. 2012; Nwauzoma and Jaja 2013). Mutations can be classified as either pre-

existing (genetic) or spontaneous (epigenetic), while both share many similarities, their 

stability through generations differ greatly (Evans et al. 1984; Nwauzoma and Jaja 
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2013). Genetic variations are often stable through the sexual cycle and even repeated 

asexual propagation making them heritable (Bairu et al. 2011; Nwauzoma and Jaja 

2013). However, epigenetic variation are often unstable even when propagated 

asexually (Thorpe 2007; Bairu et al. 2011; Nwauzoma and Jaja 2013). Although 

somaclonal variation has received some praise for developing beneficial mutations, 

such as cultures that are disease, herbicide, and stress resistant (Thorpe 2007). For the 

purpose of multiplying Daylilies, it is a phenomenon that must be avoided as the 

objective is to produce true to type plants. Any unwanted callus is thought to increase 

the potential of mutation and the loss of preferred traits.  

A major issue in developing and applying a micropropagation protocol for 

Daylilies is that most of the protocols published to date, rely on indirect organogenesis. 

Of the investigations listed above, each one focused on the development of callus 

(Heuser and Apps 1976; Krikorian and Kann 1981; Krikorian et al. 1981; Chen et al. 

2005; Adelberg et al. 2007; Li et al. 2010; Matand et al. 2013). Large scale propagators 

rely heavily on micropropagation for a select group of commercially viable cultivars that 

are considered to be of far less valuable (Dunwell 2000). The risks of somaclonal 

variation have done little to stop this success, with large propagators considering the 

risks to be manageable. However, when considering small scale breeder, the risks 

associated with somaclonal variation are still considered to be far too high making them 

reluctant to adapt any current tissue culture method. 

  In recent years, demand for unique Daylilies has reached a point where many 

breeder and producers have begun to warm up to the benefits of micropropagation, 
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especially for the less expensive cultivars (Dunwell 1996). Though, some breeders will 

continue to refuse these methods, others have begun to question if the risks associated 

with tissue culture can be reduced and perhaps overcome.  

 Hypotheses and Objectives 

The purpose of this study was to develop a robust tissue culture protocol that 

induces direct organogenesis in a variety of cultivars, so that we may decrease the time 

it takes for newly registered cultivar to reach the market. To do this, we had to 

overcome the two main challenges in applying micropropagation to Daylilies including 

the use of unwanted callus, and a lack of compatibility among multiple cultivars. Four 

objectives were identified to overcome these obstacles, including: 

1. Evaluate the efficacy of liquid vs. semi-solid media and their impact on 

multiplication rates, callus development, and shoot growth. A secondary 

objective was to evaluate the response of the cultures in TIS systems when 

compared to static liquid systems.  

2. Evaluate the effect of AIs and their ability to reduce/eliminate the development 

of unwanted callus caused by potentially high levels of endogenous auxins. 

3. Optimize media composition to increase the multiplication rates and decreased 

the development of unwanted callus. 

4. Evaluate the compatibility of our media among multiple cultivars and quantify 

their genotypic response.  
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Hypothesis: My overarching hypothesis is that diverse Daylily cultivars can multiply 

through direct organogenesis given the appropriate culture conditions. Some more 

specific hypotheses include:  

1) Cultivars treated with liquid systems will have a higher multiplication rate 

compared to their semi-solid counterparts. We also hypothesized that explants 

treated with liquid systems will have a reduced callus mass as a result of 

growth being diverted towards shoot mass. 

2) With the use of an AI, we will be able to compensate for the endogenous 

auxins, resulting in direct organogenesis. We also hypothesized that 

decreasing the occurrence of unwanted callus will indirectly result in an 

increase in the multiplication rates. 

3) Using the appropriate composition of sucrose and cytokinins, we will be able to 

eliminate the development of any unwanted callus. We also hypothesized that 

the use of both BAP and Kinetin in unison will significantly increase shoot mass 

compared to their individual use. 

4) A genotypic response will be observed among the cultivars. However, we 

hypothesized that the variation observed will be in the efficacy of our protocol, 

as all cultivars will survive and multiply to some degree. 

 To test these hypotheses, a series of experiments were conducted, ultimately 

resulting in an efficient micropropagation system based primarily on direct 

organogenesis that worked with several different cultivars. Each of the hypotheses were 

tested in separate experiments using a single cultivar of Hemerocallis spp. cv. Run for 
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the roses (L.), with the exception of the final hypothesis, aimed at evaluating the 

genotypic variability in which the developed protocol was tested on Hemerocallis spp. 

cv. Mirah’s choice (L.), Hemerocallis sp. fulva, and an unregistered variety known at 

LTP015. Run for the Roses was selected based on availability and low natural 

multiplication rate, while the other three cultivars: Mirah’s Choice, Ditch lily, and LTP015 

were selected to include several different and/or desirable phenotypes. A protocol for 

the micropropagation of Daylilies was developed and refined over the course of the 

investigations and can be seen in section 7. This allowed us to provide ongoing data to 

our industry partners and adjust the protocol to meet their needs. By working closely 

with industry personnel, we have ensured the adoption of our methods from the 

selection of plant material, all the way to acclimation into the green house.  

2 Chapter 2 Liquid Vs. Semi-solid Media 

 Abstract 

Despite a number of studies investigating the micropropagation of Daylilies 

(Hemerocallis sp.), a liquid and semi-solid comparison focusing on callus reduction has 

yet to surface. Due to concerns over somaclonal variation, small scale breeders are in 

need of micropropagation protocols that focus on direct organogenesis and minimizing 

unwanted callus. Using a cultivar known as Hemerocallis spp. cv. Run for the Roses, 

three systems including a temporary immersion system (TIS), a static liquid system, and 

a semi-solid system were analyzed based on multiplication rates, fresh weight, callus 

weight, shoot weight and percentage of explants rooted. Using a means comparison 
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test, results indicated that samples treated with liquid systems resulted in increased 

shoot growth, but a significant difference in multiplication rate was not reproducible.  

 Introduction 

Agar, or other solidifying agents is one of the main medium components that is 

often investigated when developing a new micropropagation protocol. Liquid systems 

have been known to increase biomass and multiplication rates compared to their semi-

solid counterparts in licorice, Black walnut and Annatto (Mehrotra et al. 2009; da Cruz et 

al. 2014; Stevens and Pijut 2018). An increase in the multiplication rate of up to 10 fold 

has been recorded using liquid systems in certain Rhododendron species such as “Pink 

Pearl” (Douglas 1984). This could be explained by a decrease in of the local 

accumulation of toxins cause by agitating the media (Douglas 1984; Chen 2015). In 

addition to the decrease in toxins, PGRs are more readily available in liquid systems, 

resulting in an increase in the multiplication rates (Douglas 1984; Chen 2015). As 

mentioned above, despite both liquid and semi-solid systems being used for Daylilies, a 

comparative study between the two focusing on minimizing unwanted callus has yet to 

surface (Heuser and Apps 1976; Krikorian and Kann 1981; Krikorian et al. 1981; Chen 

et al. 2005; Adelberg et al. 2007; Li et al. 2010; Matand et al. 2013). Previous studies 

focusing on callus induction have indicated that liquid systems do result in more 

vigorous growth (i.e. increased biomass) (Heuser and Apps 1976; Chen et al. 2005; 

Adelberg et al. 2007). Though these studies focused on inducing unwanted callus, it 

does yield the question: “if callusing is reduced/eliminated, would we still observe an 

increase in the multiplication rate of the explant (i.e. larger shoot tissue, increased 
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multiplication etc…)?”. Rocker based TIS are standard practice in tissue culture and 

provide adequate gas exchange by temporarily submerging the explants into the 

medium. However, a static liquid system such as the gravity well (see Figure 2-1) has 

been developed with the aim of minimizing the costs associated with TIS. The static 

liquid system uses passive water pressure to supply and replenish a constant film of 

liquid media for the explants to absorb. The gravity well is considerably more cost 

effective for small scale tissue culture, while hypothetically still providing all the benefits 

of liquid systems. By including the gravity wells into our study we will determine if they 

would work as a viable substitute to the TIS for small scale breeders (i.e. minimal 

investment). The objective of this study was to evaluate the efficacy of liquid vs. semi-

solid systems and their impact on multiplication rates, callus development and shoot 

growth. A secondary objective was to evaluate the response of the cultures in TIS 

systems when compared to static liquid systems.  

 Materials and Methods 

2.3.1 Plant Material and Maintenance Media 

Plant material was provided by Dynamic Daylilies, located 500 S Service Rd, 

Beamsville, ON. Local climate includes a hardiness index of 69, soil profile is 

considered poorly drained, low conductivity, and maintains a high saturation for 

prolonged periods (Ramsay 1989). Explants were selected using the pedicle joint from 

the floral stalk not yet in bloom, just below an undeveloped bud at the juvenile stage on 

September 21 2017. 
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Plant material was surface sterilized by first rinsing it under water for 

approximately one hour. A pedicle joint located under an undeveloped bud was then 

removed, brought into a sterilized flow bench and surface sterilized for 10 minutes by 

manually shaking them in a falcon tubes (fisher scientific (14-432-22) Mississauga, On.) 

containing distilled water and 10% commercial bleach (Clorox (5.25% sodium 

hypochlorite) Brampton, On.) with two drops of tween 20 (fisher Scientific (BP337-100) 

Mississauga, On.) per 50 ml. Explants were then rinsed three times (10 minutes each), 

using sterile distilled water. Once the surface sterilization was complete, damaged plant 

material was removed using a scalpel and the explant was then placed onto initiation 

media based on Chen et al. (2005) study containing PAC (Chen et al. 2005). Initiation 

media consisted 4.43 g/L Murashige and Skoog + basal vitamins (Phytotech (M519) 

Montreal, Qc.), 30 g/L sucrose, 1 ml/L plant preservation mixture (PPM) (plant cell 

technology (71806-1) Montreal, Qc.), 4 µM BAP (Phytotech (B800) Montreal, Qc.), 6 µM 

Kinetin (Phytotech (k750) Montreal, Qc.), 8 µM of PAC (Phytotech (P687) Montreal, 

Qc.) and 6 g/L of agar. Media was adjusted to a pH of 5.7 using a desktop pH meter 

(Accumet basic (AB15) Mississauga, On.) and sterilized using an autoclave steam cycle 

for 20 minutes at 18 PSI at 131°C. After approximately two weeks, samples were 

transferred onto multiplication media and maintained accordingly.  

Multiplication medium was identical to initiation medium with the exception of 

PAC. All cultures and experiments were maintained/conducted in We-V Boxes (We 

Vitro inc., Guelph, ON). Those used for semisolid treatments were filled with 150 ml of 

media per vessel, while liquid treatments on TIS were filled with approximately 125ml 
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per vessel and treatments using static liquid systems received approximately 110 ml per 

vessel. 

2.3.2 Treatments 

 To test the effects of liquid and semi-solid systems, three treatments including a 

TIS, a static liquid system, and a semi-solid system (6g/L agar) were used. The first 

liquid treatment included a Culture Shift (VRE, Grassie, On.) rocker bench to represent 

the TIS (see Figure 2-1). The second treatment used gravity well (We Vitro inc., Guelph, 

ON) to represent the static liquid systems (see Figure 2-1). The final treatment was our 

semi-solid system, which received 6 g/L of agar added to the media after the pH was 

adjusted. The semi-solid medium was brought to a boil and poured into each vessel 

prior to autoclaving to ensure an even distribution of the agar. Multiplication media was 

used for this experiment and consisted 4.43 g/L Murashige and Skoog + basal vitamins, 

30 g/L sucrose, 1 ml/L PPM, 4 µM BAP, 6 µM Kinetin and 6g/L of agar depending on 

the treatment. It was adjusted to a pH of 5.7 using a desktop pH meter and sterilized 

using an autoclave steam cycle for 20 minutes at 18 PSI and 131°C. 

2.3.3 Experimental Design 

This experiment was treated as a completely randomized design (CRD); however, 

complete randomization was not possible as cultures in the rocker treatment could not 

be randomized with those on the stationary bench. The first trial contained three 

explants per box with three replicates while the second trial used eight explants per box 

and four replicates as plant material became more readily available. Explants were 

whole, unrooted single shoots, removed from multiplication media and measured from 
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three-five cm in length. All cultures were the same age (approximately six week old) to 

minimize variation. 

Plant material was subcultured aseptically in a laminar flow bench, measured and 

placed into the appropriate treatment. Vessels were placed in a growth chamber set at 

approximately 22 °C and were outfitted with custom L.E.D. light lids on an 18 hour 

cycle, set to 51 µmol/s/m2 of light with a 4:1 red to blue light ratio (see Appendix 34). 

TIS treatments were placed onto a rocker bench, while gravity wells and semisolid 

treatments were placed onto a storage shelf adjacent to the TIS treatments. After 

approximately five weeks, plant material was harvested and data was collected.  
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Figure 2-1. A) Rocker benches used for a TIS by rocking the explants back and forth in liquid media, 
B) Static thin layer culture systems use passive pressure to distribute and replenish a thin film of 
liquid medium, C) Standard semi-solid medium using 6 g/L agar. 
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2.3.4 Data Collection & Statistical Analyses 

Samples were removed from the growth chamber and variables measured included 

the multiplication rates, total fresh weight, callus weight, shoot weight and percentage of 

explants that had rooted. Fresh weight was measured first by placing the sample onto a 

balance (Sartorius (QUNTIX2102-1S); Goettigen, Germany). The multiplication rates 

were assessed by measuring the average number of shoots by manually removing each 

explant individually and simultaneously measuring its length. Once the shoots were 

counted and measured, the callus tissue was removed and placed onto the balance. 

Shoot weight was determined by subtracting the callus weight from the total fresh 

weight so that we could collect data in the most non-destructive method possible. 

 Statistical analyses were performed using SAS ® 9.4 software (SAS Institute INS., 

Cary, NC, USA). An analysis of variance (ANOVA) was performed using a PROC 

GLIMMIX procedure, while the means were compared using Student Newman Keuls 

(SNK) with an alpha value of 0.05. A multiple range test was selected to compare the 

means as it provides a different critical error value for each mean, thereby decreasing 

the chances of making a type 1 error (Compton 1994). 

 Results 

Results from the first trial indicated that the shoot weight was significantly different 

among treatments. Specifically, samples exposed to both liquid systems (Gravity Well & 

Rocker Bench) produced significantly greater shoot weight than those exposed to the 

semi-solid treatment (see Figure 2-4). Samples cultured in gravity wells and rocker 

systems averaged 2.29g and 3.17g respectively, producing a significantly larger 
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biomass than samples grown on semi-solid medium averaging 1.14g. Despite being on 

multiplication media, roots were observed in all treatments; however, the percentage of 

plants that rooted was significantly greater in the liquid treatments than in the semi-solid 

treatment, with no significant differences between liquid systems (see Figure 2-6). No 

significant differences were detected in the callus weight, total fresh weight, or the 

multiplication rates (see Figure 2-2 & Figure 2-4). 

Results from the second trial indicated a similar trend in shoot weight, with both 

liquid systems producing a significantly greater shoot weight than their semi-solid 

counterpart (see Figure 2-5). Samples cultured on the rocker bench produced the 

highest average of shoot weight with 1.92g, followed by the Gravity well producing an 

average of 1.77g. Samples exposed to either liquid systems produced a significantly 

greater level of shoot weight than the samples grown on semi-solid medium, which 

averaged 1.14g per sample. A significant difference was also observed in the 

multiplication rates and the callus weight in the second replicate (see Figure 2-3 & 

Figure 2-5). Data indicated that the average number of shoots was significantly greater 

in samples exposed to the Gravity well averaging 11.6 shoots per sample, compared to 

those using the rocker systems averaging 7.1, or the semi-solid treatment averaging 7.9 

(p=0.05) (see Figure 2-3). Samples cultured on semi-solid media yielded significantly 

greater callus weight, averaging 2.8g per sample compared to liquid systems which 

averaged 1.8g and 1.7g per sample using the Gravity well and rocker bench 

respectively (see Figure 2-5). Fresh weight was not significantly different, while no 

rooting was observed in the second trial (see Figure 2-5). 
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Figure 2-2. Columns represent the average number of shoots (i.e. multiplication rate) of Hemerocallis spp. cv. 
Run for the Roses when treated with liquid (gravity well/ rocker) and semi-solid media systems (trial 1). Bars 
represent the S.E. with different letters represent statistically significant differences among treatments (p-value 
<0.05). 
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Figure 2-3. Columns represent the average number of shoots (i.e. multiplication rate) of Hemerocallis spp. cv. 
Run for the Roses when treated with liquid (gravity well/ rocker) and semi-solid media systems (trial 2). Bars 
represent the S.E. with different letters represent statistically significant differences among treatments (p-value 

<0.05). 
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Figure 2-4. Columns represent the average Fresh Weight, Callus Weight, and Shoot weight of (Hemerocallis spp. 
Cv. Run for the Roses) when treated with liquid (gravity well/ rocker) and semi-solid media systems (trial 1). Bars 
represent the S.E. with different letters represent statistically significant differences within each attribute between 
treatments (p -value <0.05).  
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Figure 2-5. Columns represent the average Fresh Weight, Callus Weight, and Shoot weight of 
(Hemerocallis spp. Cv. Run for the Roses) when treated with liquid (gravity well/ rocker) and semi-solid 
media systems (trial 2). Bars represent the S.E. with different letters represent statistically significant 
differences within each attributes between treatments (p -value <0.05).  
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Figure 2-6. Columns represent the Percentage of Hemerocallis spp. Cv. Run for the Roses samples rooted when 
treated with liquid (gravity well/ rocker) and semi-solid media systems (trial 1). Bars represent the S.E. with 
different letters represent statistically significant differences among treatments (p -value <0.05). 
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 Discussion 

Results indicate that samples exposed to liquid systems produced a higher degree 

of shoot growth compared to their semi-solid counterparts. Although the first trial did not 

yield any significant differences in callus development or multiplication rates, it did 

indicate that liquid systems result in larger shoot weight and an increase in the 

percentage of samples rooted. This was confirmed in our second trial allowing us to 

conclude that liquid systems (i.e. gravity wells & rocker) resulted in larger explants that 

were developmentally more advanced. Though liquid systems resulted in a greater 

shoot mass, an increase in the multiplication rate could not be reproduced, indicating a 

different trend from Asparagus (Asparagus densiflorus L.), and Rhododendron species 

(Douglas 1984; Chen 2015). With an increase in shoot mass, an increase in the 

multiplication rate is typically expected in species such as Asparagus, however, 

Daylilies did not follow this trend. Results do follow a trend mentioned by Adelburg et al. 

(2013) who indicated that high density cultures may reduce multiplication rates. As seen 

in Figure 2-7, shoot tissue in liquid systems were significantly larger, resulting in a 

higher density of plant material. This may explain a lack of significance in the 

multiplication rates in the first trial, as samples in the liquid systems were able to reach 

a peak length of 32 cm (See Figure 2-8). Samples treated with the gravity wells 

however, were not agitated resulting in less clumping. This could explain the increase in 

the multiplication rate observed in the second trial. While fresh weight remained 

constant, the percentage of callus appeared to have changed between treatments, with 

the semi-solid medium producing the highest degree of callus tissue compared to liquid 

systems. Although this does appeal to our objective, a lack of significance in the fresh 
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weight does not agree with current protocols who indicated an increase in biomass (i.e. 

callus) is expected with liquid systems (Heuser and Apps 1976; Chen et al. 2005; 

Adelberg et al. 2007). This could be due to the use of PAC in the initiation media 

resulting in growth being diverted toward shoot weight as opposed to callus weight (I.e. 

increased direct organogenesis), however, further research is suggested. 

In addition to increased shoot mass, liquid systems appeared to have resulted in a 

higher percentage of samples rooted. Though this was not observed in the second trial, 

a clear relationship can be seen in the auxin inhibitor trials (investigated in chapter 3), 

with the control being the only treatment to have produced roots in the semi-solid 

media, while most of the treatments were able to produce roots using liquid systems 

(discussed further below).  
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Figure 2-7. Hemerocallis spp. Run for the Roses explants exposed to gravity wells (a), rocker benches (b) 
and semi-solid (c). This figure displayed the different growth patterns observed with a larger foliar mass in 

both liquid systems as seen on (d) indicating the rocker, gravity well, and semi-solid systems respectively.  
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Figure 2-8. Illustration of the size Hemerocallis spp. Run for the Roses 

can reach when placed into a liquid system for long periods of time.  
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For the purpose of micropropagation, liquid systems resulted in three major 

benefits, the first being faster plant growth resulting in quicker multiplication. By 

increasing the development of shoot mass, it is possible to subculture more frequently, 

though the multiplication rate per subculture will remain constant, by subculturing the 

explants at an earlier date we would have the potential to significantly increase the 

number of explants over the course of time. The second major benefit includes improve 

acclimation into the green house due to the increase in shoot mass and percentage of 

explants rooted. Traditional micropropagation systems prefer small easy to work with 

explants, however, based on preliminary investigations, when acclimating plantlets into 

the greenhouse, those with large organs (i.e. large leaf tissue, strong rooting structure 

etc.) had a significantly higher chance of surviving. The third benefit is a one-step 

micropropagation protocol. Though rooting is much more effective on basal MS media, 

a high percentage of rooting was observed when using multiplication medium in liquid 

systems. A one-step protocol is not uncommon, such as Lata et al. (2016) protocol 

using meta-topolin to induce both multiplication and rooting in Cannabis sativa L., 

Where Cannabis treated with meta-topolin began to form roots within three-four weeks, 

and by the 6th week large healthy rooting systems were observed (Lata et al. 2016). 

Skipping the rooting stage allows producers to save on both time and money, while also 

limiting the chances of contamination. Results indicate a similar trend with Daylilies on 

liquid systems resulting in the naturel development of roots in vitro. This allows for a 

simplified protocol, which may appear more appealing for small scale breeders.   
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 Conclusion 

The first objective was met by using a comparative analyses between two liquid 

systems and one semi-solid system. Previous studies have investigated the efficiencies 

of liquid vs. semi-solid media on Daylily explants. However, they are often focused on 

callus induction as opposed to callus reduction. Preliminary investigations have shown 

an increase in the multiplication rate when treated with liquid media. Therefore, we 

hypothesized that explants exposed to liquid systems would have had an increased 

multiplication rate. We also hypothesised, that with an increase in the multiplication rate, 

there would have been a decrease in the development of unwanted callus. From the 

results collected, we believe that liquid system have the potential to decrease the 

development of unwanted callus, however we failed to reproduce statistically significant 

results, and have failed to reject the null hypothesis. Results did however, indicate an 

increase in shoot mass, and an increase in the percentage of explants rooted with the 

use of liquid systems. When considering the data, using liquid systems would increase 

the frequency of sub culturing, which indirectly leads to an increase in the average 

number of explants over time. To our knowledge this remains to be one of the first trials 

using a static liquid system on Daylilies, and based on these results, gravity wells may 

be a preferred substitute for small scale breeders. 
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3 Chapter 3 Auxin Inhibitors  

 Abstract 

Despite a number of micropropagation protocols published, a protocol focusing on 

direct organogenesis of Daylilies (Hemerocallis sp.) has yet to surface. Despite being 

extensively tissue cultured by large scale producers to meet market demands. 

Concerns over somaclonal variation, has left small scale breeders in need of a 

micropropagation protocol that focuses on minimizing unwanted callus. The use of an 

auxin inhibitor (AI) to reduce callus and increase multiplication is not uncommon, with 

success being noted in a number of species including Cucumber (Cucumis sativus L.) 

and Millingtonia hortensis L. With the use of p-Chlorophenoxyisobutyric Acid (PCIB) at 

various concentrations we aimed to reduce/eliminate the development of unwanted 

callus. Results indicated a treatment effect was observed but not reproduced.  

 Introduction 

Auxins play a crucial role in tissue culture for plant growth and development (Hu et 

al. 2017). However, an improper balance of auxins/cytokinins will result in cells 

undergoing further cell division to form callus (Hu et al. 2017). Plant callus can be 

derived from many different cell types, and can differentiate into a whole plant given the 

proper culturing conditions. For example, if callus is transferred onto a medium 

containing a high-cytokinins and low-auxin, then shoot differentiation will likely begging 

(Hu et al. 2017). When considering a species that contains high levels of endogenous 

auxins, one of two methods can be used to mediate the ratio. The first is to simply 

increase the cytokinins concentrations while the second is to introduce AI (Hu et al. 
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2017). AI use a number of different mechanism including competition, or inhibiting the 

metabolism or the transport of auxins. The use of AIs to eliminate unwanted callus 

caused by high levels of endogenous auxins is not uncommon, with a number of studies 

observing an increase in the multiplication rates in addition to observing direct 

organogenesis when treating Cucumber and Millingtonia hortensis with 2,3,5-

triiodobenzoic Acid (TIBA) (Shukla et al. 2014; Hegde and D’souza 2016). Other AIs 

such as PCIB are of special interest, with Hutchinson et al. (1996) study indicating its 

effectiveness in changing the levels of endogenous auxins, where TIBA proved less 

effective. Although details in the molecular mechanism of PCIB is limited, current 

literature characterises its action as inhibiting early auxin gene expression and auxin 

dependent protein degradation (Oono et al. 2003). Currently classified as an auxin 

action inhibitor, the objective of this experiment was to test the effect of PCIB and its 

ability to reduce/eliminate the development of unwanted callus caused by potentially 

high levels of endogenous auxins.  

 Materials and Methods 

3.3.1 Treatments 

In this experiment, various concentrations (2 µM, 5 µM, and 10 µM) of PCIB were 

added to the multiplication media. A positive control, including simple multiplication 

medium with no PCIB, and a negative control including basal MS nutrients with no 

PGRs were included. Separate trials using liquid and semi-solid systems were 

conducted to evaluate if the state of the media influenced the results. 
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Plant material was collected and maintained as referenced in section 2.3.1. 

Explants were subcultured at similar ages (approximately six weeks old) from 

multiplication media to avoid any variation in the parent material. Explants were 

selected based on size ranging from approximately three-five cm in length for liquid 

trials and approximately 0.5 cm in length for the semi-solid trials due to the size of the 

vessels. 

3.3.2 Experimental Design for Semi-solid Trials 

This experiment was conducted using a Randomized Complete Block Design 

(RCBD) with the use of sterilized silicone ice cube trays (Ice cube trays and mold, 

Alibaba, Shenzhen Helpcook Technology, Guangdon, China) placed within each We-V 

box. Each vessel represented a block with three samples per treatment placed within 

each box, thereby, reducing variability such as humidity and light intensity (see Figure 

3-1). Multiplication media was sterilized and placed into a hot water bath prior to 

individually pipetting 10 ml into each cell. Plant material was selected based on a length 

of approximately 0.5 cm, to ensure uniformity and a good fit in the silicon trays. Four 

blocks were prepared and placed into a growth chamber set to approximately 22 °C, 

boxes were outfitted with a custom L.E.D. light lid on an 18 hour cycle, set to 51 

µmol/s/m2 of light with a 4:1 red to blue light ratio (see Appendix 34).  After four weeks, 

plants were removed from the growth chamber and data was collected accordingly. 
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Figure 3-1. Illustrates the experimental design of the semi-solid auxin inhibitor experiment, with each box 

representing a block. Each cube contains 10 ml of a randomized treatment replicated 3 times per block. 
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3.3.3 Experimental Design for Liquid Trials 

The experimental design in the liquid trials shifted slightly as more plant material 

became readily available. The liquid culture experiments used a Completely 

Randomized Design (CRD) and was repeated with slight modifications. The first trial 

consisted of four replications with three explants per box. While the second and third 

trial consisted of four replicates with eight explants per box. Boxes were sterilized and 

filled with approximately 150 ml of media. Once filled, explants were measured and 

transferred into corresponding vessels that were outfitted with custom L.E.D. light lids 

on an 18 hour cycle. Light lids were set to 51 µmol/s/m2 of light with a 4:1 red to blue 

light ratio (see Appendix 34). Treatments were then placed into a growth chamber 

identical to the semi-solid trial. After four weeks, the samples were removed from the 

growth chamber and data was collected accordingly. 

3.3.4 Data Collection & Statistical Analyses 

Data was collected as outlined in section 2.3.4. Samples were removed from the 

growth chamber and the variables measured included the multiplication rates, total fresh 

weight, callus weight, shoot weight and the percentage of explants that had rooted.  

The experimental design for liquid and semi-solid trials retained a number of 

similarities (i.e. light spectrum/ intensity, treatments, and cultivar). However, due to the 

use of a CRD for liquid trials, and a RCBD for semi-solid trials, the data could not be 

pooled. Therefore, both trials will be examined individually throughout this chapter. 

Statistical analyses were performed using SAS ® 9.4 software (SAS Institute INS., 

Cary, NC, USA). An analysis of variance (ANOVA) was performed using a PROC 
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GLIMMIX procedure, while the means were compared using SNK with an alpha value of 

0.05. A multiple range test was selected to compare the means as it provided a different 

critical error value for each mean, thereby decreasing the chances of making a type 1 

error (Compton 1994). 

 Results 

3.4.1 Semi-solid Trials 

The data collected from the experiment conducted on semi-solid media was 

analysed as a RCBD. No block effect was determined, however, a treatment effect was 

observed in the callus weight and rooting percentage in this study. No significant data 

was observed in the multiplication rates in the preliminary study (see Figure 3-2). 

However, data from the first trial indicated that samples exposed to PCIB at 5 µM, and 

10 µM produced significantly more shoots than all other treatments, averaging 5.9 and 

5.5 per sample respectively (see Figure 3-3). No significant differences were observed 

in the multiplication rates in trial 2 (see Figure 3-4). 



51 

 

 

 

Figure 3-2. Columns represent the average number of shoots (i.e. multiplication rate) of Hemerocallis spp. cv. Run 
for the Roses when treated with various concentrations of PCIB in semi-solid medium systems (preliminary 
study). Bars represent the S.E. with different letters represent statistically significant differences among 
treatments (p -value <0.05). 
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Figure 3-3. Columns represent the average number of shoots (i.e. multiplication rate) of Hemerocallis spp. cv. Run 
for the Roses when treated with various concentrations of PCIB in semi-solid medium systems (trial 1). Bars 
represent the S.E. with different letters represent statistically significant differences among treatments (p-value 
<0.05). 
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Figure 3-4. Columns represent the average number of shoots (i.e. multiplication rate) of (Hemerocallis spp. cv. 
Run for the Roses) when treated with various concentrations of PCIB in semi-solid medium systems (trial 2). Bars 
represent the S.E. with different letters represent statistically significant differences among treatments (p-value 
<0.05). 

 



54 

 

 

 A significant difference was observed in the development of unwanted callus in 

the preliminary investigation as wells as trials 1 and 2. Results from a preliminary study 

indicated that samples treated with 2 µM of PCIB produced a callus weight averaging 

around 1.84 g per sample, significantly greater callus weight compared to those treated 

with 5 µM which averaged 0.69 g per sample and the negative control which averaged 

0.26 g per sample (see Figure 3-5). Fresh weight and shoot weight was not collected in 

this trial to preserve plant material for future experiments. Data from the first trial 

indicated a significant difference was observed in the development of fresh weight and 

callus weight (see Figure 3-6). Data indicated that samples treated with the positive 

control, 2 µM, 5 µM, and 10 µM of PCIB all produced significantly more callus weight 

and fresh weight than samples treated with the negative control (see Figure 3-6). No 

significant differences were observed in the shoot weight. Finally, data from the second 

trial indicated a similar tread with a significant difference being observed in the 

development of unwanted callus weight and fresh weight (see Figure 3-7). Results from 

the callus weight indicated that samples exposed to 2 µM of PCIB produced significantly 

more callus than those treated with the positive and negative control (see Figure 3-7). 

However, all treatments were still significantly higher than the negative control, which 

averaged at 0.07 g per sample. Samples exposed to the negative control also produced 

significantly less fresh weight than samples exposed to any other treatment.   
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Figure 3-5. Columns represent the average Callus Weight of Hemerocallis spp. Cv. Run for the Roses when treated 
with various concentrations of PCIB in semi-solid medium (preliminary study). Bars represent the S.E. with 
different letters represent statistically significant differences among treatments (p -value <0.05). 
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Figure 3-6. Columns represent the average Callus Weight, Fresh Weight and Shoot Weight of (Hemerocallis spp. 
Cv. Run for the Roses) when treated with various concentrations of PCIB in semi-solid medium systems (trial 1). 
Bars represent the S.E. with different letters represent statistically significant differences within each attribute 
between treatments (p-value <0.05). 
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Figure 3-7. Columns represent the average Callus Weight, Fresh Weight and Shoot Weight of (Hemerocallis spp. 
Cv. Run for the Roses) when treated with various concentrations of PCIB in semi-solid medium systems (trial 2). 
Bars represent the S.E. with different letters represent statistically significant differences among treatments (p-
value <0.05). 
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Data indicated that a significant difference in the percentage of samples rooted 

was observed in the preliminary investigations, as well as in trials one and two. Data 

followed a similar trend, with samples cultured on basal medium producing a greater 

percentage of explant rooted compared to any other treatment. Samples exposed to the 

negative control in the preliminary investigation averaged 33% (see Figure 3-8). 

Samples exposed to the negative control in trial one averaged 91% of samples rooted 

(see Figure 3-9). Finally samples exposed to the negative control in trial two averaged 

66% of samples rooted (see Figure 3-10).  
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Figure 3-8. Columns represent the percentage of Hemerocallis spp. Cv. Run for the Roses samples rooted when 
treated with various concentrations of PCIB in semi-solid medium (preliminary study). Bars represent the S.E. with 
different letters represent statistically significant differences among treatments (p-value <0.05). 
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Figure 3-9. Columns represent the percentage of (Hemerocallis spp. Cv. Run for the Roses) samples rooted when 
treated with various concentrations of PCIB in semi-solid medium (trial 1). Bars represent the S.E. with different 
letters represent statistically significant differences among treatments (p-value <0.05). 
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Figure 3-10. Columns represent the percentage of (Hemerocallis spp. Cv. Run for the Roses) samples 
rooted when treated with various concentrations of PCIB in semi-solid medium (trial 2). Bars represent the 
S.E. with different letters represent statistically significant differences among treatments (p-value <0.05). 
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3.4.2 Liquid Trials 

Data from the multiplication rates indicated that no significant difference was 

observed in the first and second trial (see Figure 3-11, Figure 3-12). However, data from 

the third trial indicated that samples exposed to the positive control and 5 µM of PCIB, 

averaged 11.9, 10.84 shoots per sample respectively, a significantly greater average 

compared to those treated with the negative control, averaging 6.7 shoots and 10 µM of 

PCIB averaging 5 shoots per sample (see Figure 3-13). 
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Figure 3-11. Columns represent the average number of shoots (i.e. multiplication rate) of (Hemerocallis spp. cv. 
Run for the Roses) when treated with various concentrations of PCIB in liquid medium systems (trial 1). Bars 
represent the S.E. with different letters represent statistically significant differences among treatments (p-value 
<0.05). 
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Figure 3-12. Columns represent the average number of shoots (i.e. multiplication rate) of (Hemerocallis spp. cv. 
Run for the Roses) when treated with various concentrations of PCIB in liquid medium systems (trial 2). Bars 
represent the S.E. with different letters represent statistically significant differences among treatments (p-value 
<0.05). 
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Figure 3-13. Columns represent the average number of shoots (i.e. multiplication rate) of (Hemerocallis spp. cv. 
Run for the Roses) when treated with various concentrations of PCIB in liquid medium systems (trial 3). Bars 
represent the S.E. with different letters represent statistically significant differences among treatments (p-value 
<0.05). 
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A significant difference in the development of unwanted callus was observed in 

trials one, two and three. Data indicated that samples exposed to the negative control 

produced significantly less callus weight than any other treatment in all three trials (see 

Figure 3-14, Figure 3-15, Figure 3-16). A significant difference was also observed in the 

total fresh weight in all three trials. Data indicated that samples exposed to the negative 

control in trial one produced significantly less fresh weight than any other treatment (see 

Figure 3-14). Data from trial two indicated that samples exposed to the positive control 

and 10 µM of PCIB, averaged 3.86 g per sample and 3.73 g per sample respectively, 

producing a significantly greater level of fresh weight compared to samples exposed to 

the negative control which averaged 2.37 g per sample (see Figure 3-15).Finally, data 

from trial three indicated that samples exposed to 10 µM of PCIB produced a 

significantly greater fresh weight compared to the negative control (see Figure 3-16). 

Shoot weight from trial one indicated that samples that were exposed to 2 µM of PCIB 

produced a significantly greater shoot weight, averaging 2.11 g compared to samples 

treated with the negative control averaging 1.13g per sample (see Figure 3-14). No 

significant difference was observed in trials two and three. 
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Figure 3-14. Columns represent the average Callus Weight, Fresh Weight and Shoot Weight of (Hemerocallis spp. 
Cv. Run for the Roses) when treated with various concentrations of PCIB in liquid medium systems (trial 1). Bars 
represent the S.E. with different letters represent statistically significant differences among treatments (p-value 
<0.05). 
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Figure 3-15. Columns represent the average Callus Weight, Fresh Weight and Shoot Weight of (Hemerocallis spp. 
Cv. Run for the Roses) when treated with various concentrations of PCIB in semi-solid medium systems (trial 2). 
Bars represent the S.E. with different letters represent statistically significant differences among treatments (p-
value <0.05). 
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Figure 3-16. Columns represent the average Callus Weight, Fresh Weight and Shoot Weight of (Hemerocallis spp. 
Cv. Run for the Roses) when treated with various concentrations of PCIB in semi-solid medium systems (trial 3). 
Bars represent the S.E. with different letters represent statistically significant differences among treatments (p-
value <0.05). 
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A significant difference was observed in the percentage of samples rooted in 

trials one, two and three. Data from trial one indicated that samples exposed to the 

negative control, averaging 46% of samples rooted, was significantly higher than any 

other treatment (see Figure 3-17).Data from trial two indicated a similar trend with 

samples exposed to the negative control, producing a significantly higher percentage of 

samples that had rooted than any other treatment, averaging 44% (see Figure 3-18). 

Finally, data from trial three once more indicated the rooting percentage followed a 

similar trend as trials one and two, with the negative control producing a significantly 

higher percentage of samples that rooted compared to any other treatment (see Figure 

3-19). 
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Figure 3-17. Columns represent the percentage of (Hemerocallis spp. Cv. Run for the Roses) samples rooted when 
treated with various concentrations of PCIB in liquid medium (trial 1). Bars represent the S.E. with different letters 
represent statistically significant differences among treatments (p-value <0.05). 
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Figure 3-18. Columns represent the percentage of (Hemerocallis spp. Cv. Run for the Roses) samples rooted when 
treated with various concentrations of PCIB in liquid medium (trial 2). Bars represent the S.E. with different letters 
represent statistically significant differences among treatments (p-value <0.05). 
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Figure 3-19. Columns represent the percentage of (Hemerocallis spp. Cv. Run for the Roses) samples rooted when 
treated with various concentrations of PCIB in liquid medium (trial 3). Bars represent the S.E. with different letters 
represent statistically significant differences among treatments (p-value <0.05). 
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  Discussion 

Data from the AI tests yielded interesting results among treatments, trials, and 

media. While a treatment effect was observed over the course of the experiments, 

reproducing the results proved to be challenging. In addition to this, it appeared that the 

composition of the media (i.e. liquid or semi-solid) influenced the treatment effects. As a 

result, the treatment effects will be discussed based on the liquid systems, followed by 

semi-solid systems.  

3.5.1 Liquid Trials 

Results from trials one, two and three all indicated an identical treatment effect in 

the development of unwanted callus. Samples treated with the positive control, 2 µM, 5 

µM, 10 µM of PCIB all developed significantly more callus than samples exposed to the 

negative control. While this was expected, there was no significant reduction in callus 

weight with the use of PCIB when compared to the positive control, indicating that we 

failed to reject the null hypothesis. Results from the multiplication rate indicated that no 

significant difference was found in trials one and two. However, in trial three we can see 

that samples treated with the positive control and five µM of PCIB resulted in a 

significant increase in the multiplication rate, than samples that were treated with 10 µM 

of PCIB or the negative control. A trend that would agree with findings of Hu et al. 

(2017) and Hutchinson et al. (1996),  indicating that endogenous auxin levels were 

mediated to some degree resulting in improved shoot organogenesis (Hutchinson et al. 

1996; Thorpe 2007; Hu et al. 2017). Rooting data indicated that explants from the 

negative control rooted significantly more than any other treatment. This would indicate 

that these samples were exposed to a high auxin environment allowing them to root, 
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supporting the theory that Daylilies contain a high levels of endogenous auxins (Thorpe 

2007; Hu et al. 2017). 

Previous papers analysing the effects of PCIB on species containing high levels of 

endogenous auxins have successfully increased multiplication rates, in addition to 

eliminating the development of unwanted callus (Shukla et al. 2014). Unfortunately this 

was not the case with Daylilies as the treatment response failed to be reproducible. This 

could be explained by the relation between AIs and the maturity of the plant (Shukla et 

al. 2012). When investigating AI on American elm (Ulmus Americana L.) Shukla et al. 

(2012) found that apical and basal explants displayed a significant difference in the 

average number of microshoots produced. Though it should be noted that all samples 

collected were maintained using identical conditions (i.e. multiplication medium under 

51 µmol/s/m2 of light) and were selected based on length to maintain uniformity, it is 

likely that selecting explants that ranged from three-five cm in length, resulted in the 

selection of samples that were at different developmental stages.  

In addition to the variability in the developmental stage of the samples, results 

indicate that Daylilies do not respond to PGRs as one would expect based on Skoog 

and Millers cytokinins/auxin ratio mentioned in section 1.2.2. Evidence of this can be 

seen as a high degree of rooting was observed on medium consisting of six µM kinetin 

and four µM BAP with no Auxins. Similar observations have been made in asparagus 

(Asparagus densiflorus), a member of the Liliaceae family (of which Daylily was once 

included). Specifically, instead of removing all cytokinins for rooting in Asparagus, auxin 

concentrations are sometimes increased (Desjardins 1992; Chen 2015; Pindel 2017). 
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Furthermore, in some Asparagus protocols, rooting medium is identical to the 

multiplication media with the exception of the presence or lack of ancymidol, a 

gibberellic acid inhibitor (Chen 2015). 

3.5.2 Semi-solid Trials 

Results were also difficult to reproduce when examining the data from the AI 

experiment using semi-solid systems. Though it should be noted that our preliminary 

investigation only took into account the multiplication rate, callus weight and rooting 

percentage trials one and two considered all variables.  

Results from trial one indicated that samples treated with five and 10 µM of PCIB 

yielded a significant increase in their multiplication rates, compared to samples treated 

with two µM of PCIB and the positive/negative controls. Results follow similar trends of 

guar (Cyamopsis tetragonolaba L.) and America elm, with past articles indicating an 

increase in multiplication rates with the use of PCIB (Shukla et al. 2012; Hu et al. 2017). 

However, results from trial two indicate that no significant difference could be 

determined between any of the treatments. This would once again follow the same 

trend discussed in section 3.5.1., despite the multiplication rates almost doubling, 

results failed to be reproduced. As mentioned above, PCIB relies on the developmental 

stage of the explant, and although reasonable measures were taken to avoid any 

variability, it is likely that the variation in developmental stage among the samples were 

the cause of these results (Shukla et al. 2012). It is possible that light distribution in this 

experiment coupled with the use of silicon trays may have introduced some variability in 

this trial. Research by Nameth et al. (2013) indicated that variability in long term shoot 
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regeneration may be introduced within the initial hours of sub culturing. Though each 

light lid provides uniformed lighting, due to the silicon trays holding the samples 

stationary, it is possible that explants were exposed to a variation in light spectrum. 

Though samples do not fully rely on photosynthesis, light has been known to influence 

meristem regeneration (Nameth et al. 2013). 

All treatments produced a significantly larger amount of callus compared to the 

negative control in trials one and two. This could be explained as either not high enough 

of a concentration was used, or an inappropriate AI was selected. A similar effect with 

Hutchinson et al. (1996) study who found that the endogenous levels of Indole-3-acetic 

acid (IAA) was increased with the use of TIBA. This could explain the results seen in 

trial two of the semi-solid media, where samples treated with two µM of PCIB yielded a 

significantly higher callus weight compared to both controls. PCIB was selected to avoid 

this outcome, however, it is possible that the use of TIBA may yield entirely different 

results. 

 Conclusion 

The second objective was met by analyzing various concentrations of PCIB, to 

determine if the use of an AI could reduce/eliminate the development of unwanted 

callus. It was believed that Daylilies contained high levels of endogenous auxins, which 

resulted in the formation of unwanted callus. When considering the rooting data for both 

experiments, samples exposed to the negative control produced a significantly higher 

rooting percentage, indicating that samples may have been exposed to a high auxin 

environment. Though this cannot be confirmed, it does merit further research.  
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While some effects were observed from the addition of PCIB, the results were not 

reproducible indicating that the use of PCIB for the micropropagation of Daylilies cannot 

be recommended at this time. Based on these results, future research should be 

conducted to compare the effects of different AIs and their ability to reduce callus and 

increase multiplication rates.  
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4 Chapter 4 Media Optimization 

 Abstract 

Due to limitations in traditional propagation techniques, the micropropagation of 

Daylilies has been investigated over the past 40 years. The crop is extensively tissue 

cultured by large scale producers to meet market demands. However, due to concerns 

over somaclonal variation, small scale breeders and producers are in need of 

micropropagation protocols that focus on minimizes unwanted callus (direct 

organogenesis). Past research has investigated the relationship between Daylilies and 

BAP, Kinetin, and sucrose. However, to our knowledge, the interactions between these 

factors has yet to be investigated. Using a Central Composite Rotatable Design 

(CCRD), we evaluated these interactions with the goal of identifying a theoretically 

optimal medium. Though a significant relation was observed, further investigations are 

required prior to fully understanding these relationships. 

 Introduction 

Tissue culture medium is made up of numerous chemicals, both synthetic and 

natural often including minerals, cytokinins, auxins, sucrose, gibberellic acid, and many 

more. The availability and concentration of these components greatly influences the 

success and growth of the explant in culture. However, based on a combination of 

endogenous chemicals and explant requirements, the composition of the media will 

change for every species, cultivars and even at different developmental stages. 

Endogenous auxins are produced in the foliar tissue and promote rooting, while 

endogenous cytokinins are produced in the roots and promote foliar growth. These two 
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PGRs are considered to be the most important PGRs that influence growth in vitro. A 

number of publications have investigated the micropropagation of Daylilies, however, 

none have investigated optimizing the PGRs for direct organogenesis (discussed further 

in section 1.2.5)  (Heuser and Apps 1976; Krikorian and Kann 1981; Krikorian et al. 

1981; Chen et al. 2005; Adelberg et al. 2007; Li et al. 2010; Matand et al. 2013).  

Preliminary investigations have indicated a positive response when coupling both 

BAP and kinetin. A similar effect to Ashraf et al. (2014) study on Chlorophytum 

borivilianum L., who noted that BAP alone was effective for shoot multiplication, while 

kinetin alone was effective for shoot elongation (Ashraf et al. 2014). When combined, 

BAP and kinetin stimulated an interaction producing greater shoot multiplication and 

length compared to their individual application (Ashraf et al. 2014). A recent study by 

Matand et al. (2013), investigated both BAP and Kinetin, however, the investigation did 

not evaluate their simultaneous use on the cultivars. Other factors such as sucrose can 

also greatly influence the growth of an explant with a number of past articles confirming 

a direct relation between sucrose concentrations and the development of callus 

(Adelberg et al. 2007; Beihaghi et al. 2018). Adelberg et al. (2007) investigated the 

sugar and water use of two diploid and two tetraploid cultivars, including: H. spp. cv. 

Barbara Mitchell L., H. spp. cv. Brocaded Grown L., H. spp. cv. Marys Gold L., and H. 

spp. cv. Heart of Missionary L.. The experiment was a success and a linear relation 

between sucrose concentrations and growth was determined (Adelberg et al. 2007).  

Due to the nature of tissue culture, there are numerous chemicals, compounds and 

PGRs all varying in concentrations, while their effects are not independent of one 
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another. As such, to simply focus on a single cytokinins may result in missing a number 

of different possibilities that may yield greater success. However, evaluating many 

factors through a traditional approach such as a factorial design requires a large 

number of treatments to test many possible combinations. A CCRD offers an alternative 

approach to examine multiple factors that interact while minimizing the number of 

experiments (Malinowska et al. 2009). This experimental design aims to identify the 

optimal level of many variables using response surface methodology, where the 

experimental response is fitted to a predictive polynomial equation, thereby reducing the 

number of treatments that need to be tested (Malinowska et al. 2009). This method has 

been used in developing micropropagation protocols in the past, and is praised for its 

ability to measure multiple factors and their mutual interactions, however, its application 

has been limited (Malinowska et al. 2009; Chakraborty et al. 2010).  The objective of 

this study was to apply the CCRD methodology to optimize BAP, kinetin, and sucrose 

levels to increase the multiplication rates and decreased the development of unwanted 

callus. 

 Materials and Methods 

Plant material was collected and maintained as referenced in section 2.3.1. 

Explants were subcultured at similar ages (approximately six weeks old) from 

multiplication media to avoid any variation in the parent material. Explants were 

selected based on size ranging from approximately three-five cm in length. 
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4.3.1 Treatments  

Treatment concentrations were calculated using the CCRD design as presented 

in Table 4-1. The design of three variables required 14 different treatment combinations 

and 6 center points (see Table 1). The center point was selected based on the current 

multiplication media with the exception of sucrose which was adjust to 40 g/L with the 

hope of achieving a quadratic response. From the center point, the star points were 

calculated with a lower extreme of 0 and an upper extreme of double the center point 

(i.e. kinetin= 0 µM, & 12 µM, BAP= 0 µM, & 8 µM and sucrose= 0 g/L, & 80 g/L). The 

factorial points were then calculated using the radius adjustment factor (1.682) and the 

equation below (see Figure 4-1)(Bowley 2015). 

 

 

 

𝑋 =  𝑐𝑒𝑛𝑡𝑒𝑟𝑝𝑜𝑖𝑛𝑡 ±   ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑠𝑡𝑎𝑟𝑝𝑜𝑖𝑛𝑡 ÷  2  1.682   

Figure 4-1. Equation used to obtain the high and low factorial 
points for a 3 factor CCRD. The radius adjustment factor provides 
factorial points that are evenly distributed from the center point. 
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Table 4-1. Treatments from the Complete Rotatable Design which were calculated using our standard 
multiplication media as a center point along with the CRD equation: X= (centerpoint)±[(highest 
starpoint)÷(2x1.682)]  with λ representing the high star point and – λ representing the lower star point.  

Treatment Factor Code BAP 
(µM) 

Kinetin 
(µM) 

Sucrose 
(g/L) 

1 abc -λ, -λ, -
λ 

1.62 2.43 16.22 

2 Abc λ, -λ, -λ 6.38 2.43 16.22 

3 aBb -λ, λ, -λ 1.62 9.57 16.22 

4 abC -λ, -λ, λ 1.62 2.43 63.78 

5 ABb λ, λ, -λ 6.38 9.57 16.22 

6 AbC λ, -λ, λ 6.38 2.43 63.78 

7 aBC -λ, λ, λ 1.62 9.57 63.78 

8 ABC λ, λ, λ  6.38 9.57 63.78 

9 STAR -1, 0, 0 0 6 40 

10 STAR 1, 0, 0 8 6 40 

11 STAR 0, -1, 0 4 0 40 

12 STAR 0, 1, 0 4 12 40 

13 STAR 0, 0, -1 4 6 0 

14 STAR 0, 0, 1 4 6 80 

15 Center 0, 0, 0 4 6 40 

16 Center 0, 0, 0 4 6 40 

17 Center 0, 0, 0 4 6 40 

18 Center 0, 0, 0 4 6 40 

19 Center 0, 0, 0 4 6 40 

20 Center 0, 0, 0 4 6 40 
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4.3.2 Experimental Design 

Due to the experimental design, each treatment was only replicated once and 

used to calculate a theoretical optimum, highlighting the value of this experiment in 

maintaining a feasible experiment size. Using eight explants per vessel, each treatment 

consisted of 150ml of liquid media, placed onto a rocker bench in a growth chamber at 

approximately 22℃ outfitted with custom L.E.D. light lids on an 18 hour cycle, set to 51 

µmol/s/m2 of light with a 4:1 red to blue light ratio (see Appendix 34). Data was collected 

after six weeks and a confirmation trial was initiated to confirm results. 

Following the initial experiment, the theoretical optimum was tested in a simple 

comparison analyses to validate the results, comparing the center point to the 

calculated theoretical optimum. For the validation experiment, treatments were prepared 

using eight sampling units with 150 ml of the corresponding media per vessel with four 

replicate vessels that were placed in a growth chamber set at approximately 22 °C. 

Vessels were outfitted with custom L.E.D. light lids on an 18 hour cycle, set to 51 

µmol/s/m2 of light with a 4:1 red to blue light ratio (see Appendix 34). Data was collected 

after six weeks to confirm results. 

4.3.3 Data Collection & Statistical Analyses 

Data was collected as outlined in section 2.3.4. Samples were removed from the 

growth chamber and variables measured included the multiplication rate, total fresh 

weight, callus weight, non-callused (shoot) weight and percentage of explants that had 

rooted.  
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Statistical analyses were performed using SAS ® 9.4 software (SAS Institute INS., 

Cary, NC, USA). A variance analyses-test of lack of fit, variance analyses-test of 

components, and regression coefficients were analyzed first using a PROC GLIMMIX 

procedure. The surface response model was then analyzed using PROC RSREG, while 

the contour plots were mapped using PROC g3d. A students T test was performed for 

the confirmation trial using a PROC GLIMMIXs procedure, while a multiple means 

comparisons was done using SNK with an alpha value of 0.05. 

 Results 

Results indicated there was a significant relationship between the multiplication 

rate and both sucrose and BAP*kinetin and BAP*kinetin*sucrose (see Table 4-2). A 

regression procedure indicated that a significant linear relation was observed (See 

Appendix 30). However, we were only able to observe a weak R² value of 0.08 

indicating that 92% of the total variation could not be explained by the model. 

Table 4-2. Type 1 test of fixed effects, prior to constraining sucrose at the theoretical optimal 
concentration. Fixed effects with a * indicate a significant relation is present.  

Effect F-Value Pr>f 

BAP 0.01 0.9029 
BAP² 0.00 0.9532 
Kinetin 0.88 0.3494 
Kinetin² 0.70 0.4039 
Sucrose 8.23 0.0047* 
Sucrose² 0.06 0.8119 
Bap*kinetin 4.11 0.0444* 
BAP*sucrose 0.46 0.5002 
Kinetin*sucrose 0.31 0.5811 
BAP*kinetin*sucrose 3.53 0.0048* 
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When examining the callus data, a significant relation was also observed between 

sucrose² and the development of unwanted callus. A regression procedure indicated 

that a significant quadratic relation was observed (p value 0.0418), however, a weak R² 

value of 0.07 indicating that 93% of the variation observed was unaccounted for. Due to 

the nature of the multiplication stage, we decided to focus on optimizing the sucrose 

concentrations to increase the multiplication rate.  

Using the estimated ridge of maximum response, the data indicated that the 

highest multiplication rate would be achieved with a concentration of BAP at 3.55 µM, 

kinetin at 4.58 µM, and sucrose at 1.38 g/L (see Table 4-3). When using more than two 

factors, one must be held constant to graphically represent the relation of the other two. 

To determine any significant relation among BAP and kinetin, sucrose was held 

constant at 1.38 g/L (the theoretical optimal value). However, when holding sucrose at a 

constant, despite seeing a trend, the interactions between BAP*kinetin and the average 

number of shoots was no longer significant (see Figure 4-2).  

 

 

 

 

 



87 

 

 

Table 4-3. Estimated ridge of maximum response, optimizing the concentrations of fixed variables that 
would yield the highest multiplication rate according to a CCRD. 

Coded 
radius 

Estimated response (multiplication 
rate) 

S.E. BAP 
(µM) 

Kinetin 
(µM) 

Sucrose 
(g/L) 

0.0 2.29 0.30 4 6 40 

0.1 2.39 0.30 3.98 5.82 36.19 

0.2 2.499 0.30 3.97 5.64 32.37 

0.3 2.61 0.30 3.95 5.47 28.54 

0.4 2.72 0.30 3.92 5.30 24.70 

0.5 2.84 0.31 3.89 5.15 20.85 

0.6 2.96 0.33 3.86 4.99 16.99 

0.7 3.08 0.37 3.81 4.86 13.11 

0.8 3.21 0.42 3.75 4.74 9.22 

0.9 3.34 0.49 3.67 4.64 5.31 

1.0 3.48 0.58 3.56 4.59 1.38 
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Figure 4-2. The response surface constructed using proc g3d to represent the relation between the 
multiplication rate (pro) and kinetin and BAP, when sucrose is held constant at 1.379 g/L. Though the relation 
is too weak to observe any significant difference it would appear as though kinetin influences the 
multiplication rate much more that BAP.  
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Based on the lack of significance, the confirmation trial was initiated using the 

basic multiplication media as a negative control, compared the multiplication medium 

supplemented with 1.38 g/L of sucrose. Data from our confirmation trial did indicate a 

significant difference was present. While the theoretical optimum greatly reduced callus 

weight, the control yielded a significantly higher total fresh weight, shoot weight, and 

multiplication rate (see Table 4-4). 

Table 4-4. Standard error and mean comparisons of the number of possible explants, callus weight, total 
fresh weight, non-callused (foliar) weight, in the confirmation trial of the CCRD. Treatments that share the 
same letters are not significantly different using Student Newman Keuls test with a p= 0.05. 

  Shoots 
Callus weight 
(g/explant) 

Total fresh weight 
(g/explant) 

Shoot weight 
(g/explant 

Treatment Estimate   SE Estimate   SE Estimate   SE Estimate   SE 

1 
(standard) 2.93 A 0.482 1.83 A 0.222 5.08 A 0.454 3.25 A 0.317 

2 
(theoretical 

optimum) 1.33 B 0.108 0.14 B 0.022 1.19 B 0.069 1.05 B 0.070 
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 Discussion 

Results from the CCRD indicated a small but significant relation between sucrose 

concentration and the multiplication rate. The data indicated that based on the 

theoretical model, the highest degree of multiplication (3.47 explants per sample) should 

be observed with 1.37 g/L of sucrose. However, results from the confirmation trial 

indicated that the negative control (basic multiplication media) produced statistically 

more growth in terms of fresh weight, callus weight, shoot weight, and multiplication 

rate. While the confirmation trial failed to reject our null hypothesis, it did support many 

of the articles indicating that sucrose concentrations are directly related to growth, 

whether that be the development of callus or the multiplication rates (Adelberg et al. 

2007; Beihaghi et al. 2018). The use of a CCRD can have some risk, but has been used 

in tissue culture with some success (Malinowska et al. 2009; Chakraborty et al. 2010). 

Despite past articles indicating success with CCRD, the optimal media composition for 

Daylilies remains unclear. A significant relation was observed between the average 

number of shoots and the simultaneous use of BAP and kinetin prior to optimizing 

sucrose concentrations. However, as mentioned above, when holding the sucrose 

concentration constant, the significant relation between BAP and kinetin and the 

multiplication rate was no longer present.  

One potential reason the design may have failed is due to the atypical response 

that Daylilies appear to have in the presence of cytokinins. As mentioned above, in 

chapter 3, where Daylilies were cultured in liquid multiplication medium, there were 

relatively high levels of rooting, which typically does not occur in the presence of 
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cytokinins. Similar observations have been made in Asparagus, specifically, instead of 

removing or reducing all cytokinins for rooting, auxin concentrations are sometimes 

increased (Desjardins 1992; Chen 2015; Pindel 2017).  Furthermore, in some protocols 

for Asparagus, the rooting medium had identical auxin and cytokinins levels as the 

multiplication medium, with the only difference being the presence or lack of ancymidol, 

a gibberellic acid inhibitor (Chen 2015). As such, it appears that plants in this taxonomic 

group may not respond as strongly to exogenous auxins and cytokinins, making the 

CCRD approach to optimize media composition problematic since the natural variation 

among explants was greater than the treatment effect.   

Another possibility as to why the CCRD failed could be due to a carry-over effect.  

Samples were sourced directly from multiplication media containing high levels of 

sucrose and cytokinins. It is not uncommon for either of these two components to carry 

over onto new media with the explant (Makara et al. 2010; Rahman et al. 2010). It is 

possible that samples used in the first trial contained higher levels of sucrose or 

cytokinins allowing them to thrive with less. However, when analysing the confirmation 

trial, the chemicals carried over may have been insufficient. Sugar is vital to any nutrient 

medium, let alone to in vitro growth and development (Dennis and Robert 2000). 

Because most plants do not photosynthesize efficiently in vitro for a number of reasons 

(i.e. lack of chlorophyll, limited gas exchange and CO2 in vessel, insufficient organized 

cellular development, etc.) sucrose is usually used to supplement carbon and energy 

sources (Dennis and Robert 2000). While the concentration is dependent on the type 

and age of the explant, the type of sugar varies as well (including: sucrose, glucose, 

fructose, maltose, or lactose) (Dennis and Robert 2000). It is also possible that the 
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samples taken for the CCRD may have been at a more mature stage which may explain 

the results observed.  

 Conclusion 

The third objective was met by using a CCRD with various concentrations of BAP, 

kinetin, and sucrose. This design was selected as it allows us to evaluate the 

compatibility of three factors at five concentrations each while maintaining a realistic 

experiment size. It was hypothesized that with the appropriate combinations of 

cytokinins and sucrose, we would be able to eliminate the development of unwanted 

callus, while still maintaining a high degree of multiplication. Unfortunately, this 

experiment was unsuccessful and we failed to reject the null hypothesis. Though the 

use of a CCRD does not call for any replications, it may be appropriate to do so for 

biological systems until the variability caused by samples can be addressed. Placing 

samples onto basal media containing no PGRs for a short period prior to running similar 

studies is suggested. A CCRD has a lot of potential in tissue culture for evaluating 

treatment interactions that would otherwise result in an unrealistic experiment size, a 

similar experiment analysing three factors with five levels would result in 125 

combinations using a traditional factorial. So long as variables such as explant maturity 

and carry over effect can be addressed, a CCRD may enable future researchers to 

optimize multiple factors in a realistic manner.   
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5 Chapter 5 Assessment of Genotypic Variability  

 Abstract 

Micropropagation protocols have been investigated to overcome ex vitro 

production limitations for over 40 years. The crop is extensively tissue cultured by large 

scale producers to meet market demands. However, current research has only been 

optimized for a handful of cultivars. The genotypic variation between cultivars has been 

noted on several occasions, however, the need for a robust protocol is often 

overlooked. By quantifying the genotypic response, we aimed to provide producers with 

a robust micropropagation protocol eliminating one of the largest criticism of 

micropropagation in the Daylily industry. Results indicated a genotypic response was 

observed, however, all four cultivars were still able to successfully establish and multiply 

using identical procedures. 

 Introduction 

As mentioned above, there are numerous Daylily cultivars registered, yet only two 

publications have consider the genotypic variation (Adelberg et al. 2007; Matand et al. 

2013). Adelberg et al. (2007) investigated the sugar and water use of two diploid and 

two tetraploid cultivars, including: H. spp. cv. Barbara Mitchell, H. spp. cv. Brocaded 

Grown, H. spp. cv. Marys Gold, and H. spp. cv. Heart of Missionary. Though the 

experiment was a success, Adelberg et al. (2007) stated that quantifying the genotypic 

variation is still required to further understand this relation. As mentioned above, Matand 

et al. (2013) analyzed multiple concentrations of 2, 4-Dichlorophenoxyacetic acid (2,4-

d), kinetin and BAP with interest on callus formation on multiple cultivars. Matand et al. 
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(2013) evaluated these relationships using four cultivars including: H. spp. cv. Grace My 

love L., H. spp. cv. Creed Moon L., H. spp. cv. Red Grace L. and H. spp. cv. Summer 

Echoes L.. Despite Red Grace forming callus tissue, no foliar tissue could be observed 

(Matand et al. 2013). Matand et al. (2013) stated that a genotypic response could be 

observed between cultivars in both callus and shoot formation, however, to what degree 

this variation was observed is still unknown. Though evaluating the genotypic variation 

among all 80,000 cultivars is not feasible,  evaluating the variation on multiple cultivars 

and determining the extent of their variability appears to be a good starting point. As 

mentioned above, Daylilies can be diploid, triploid and tetraploid (Podwyszyńska et al. 

2015). By screening cultivars using flow cytometry, we may be able to determine if 

genotypic variability can be seen within the same ploidy level. The objective of this 

study was to evaluate our micropropagation protocol on a selection of cultivars while 

quantifying their genotypic response.  

 Materials and Methods 

Plant material was collected and maintained as referenced in section 2.3.1. 

Explants were subcultured at similar ages (approximately six weeks old) from 

multiplication media to avoid any variation in the parent material. 

5.3.1 Treatments 

Cultivars included Run for the Roses, Mirah’s Choice, Ditch Lilies, and an 

unregistered cultivar known at LTP015. Ploidy was determined by using a BD 

FACSCAlibur flow cytometer set to a FL2 voltage. A leaf sample approximately 1cm² 

was macerated along with a leaf sample of Zea mays (CE-777, 2c=5.43 pg (picograms 
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DNA), as an internal standard, in a propidium iodine stain. The maize cultivar (CE-777) 

was selected as a standard as indicated by Podwyszyńska et al. (2015). An aliquot of 

0.70 ml of the buffer was added and filtered through a 30 µM filter before the sample 

was finally placed into the BD FACSCAliber. The 2c DNA content of the samples was 

calculated by dividing the sample peak mean by the standard peak mean, multiplied by 

the amount of DNA of the standard (Podwyszyńska et al. 2015) (see Figure 5-1). 

𝑆𝑎𝑚𝑝𝑙𝑒 𝑚𝑒𝑎𝑛 2𝑐 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑚𝑒𝑎𝑛  2𝑐 
  5.43 𝑝𝑔 𝐷𝑁𝐴  

Figure 5-1. Equation to calculated the DNA content involved taking the mean of the sample, divided by 
the mean of our standard, maize (CE-777), and multiplying it by the amount of DNA in our standard 
(2c=5.43 pg DNA).  

 

5.3.2 Experimental Design 

Samples were selected based on size ranging from two-three cm in length in trial 

one and three-five cm in length for trial two. Three explants were placed in each vessel 

with four replicate per treatment. Once transferred, vessels were filled with 150 ml of 

liquid multiplication media and placed onto a rocker bench in a growth chamber set at 

approximately 22 °C. Vessels were outfitted with custom L.E.D. light lids on an 18 hour 

cycle, set to 51 µmol/s/m2 of light with a 4:1 red to blue light ratio (see Appendix 34). 

After five weeks, samples were removed and data was collected.  

5.3.3 Data Collection and Statistical analyses 

Data was collected as outlined in section 2.3.4. Samples were removed from the 

growth chamber and variables measured included the multiplication rates, total fresh 
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weight, callus weight, non-callused (shoot) weight and percentage of explants that had 

rooted. 

 Statistical analyses were performed using SAS ® 9.4 software (SAS Institute INS., 

Cary, NC, USA). An ANOVA was performed using a PROC GLIMMIX procedure, while 

the means were compared using SNK with an alpha value of 0.05. A multiple range test 

was selected to compare the means as it provides a different critical error value for each 

mean, thereby decreasing the chances of making a type 1 error (Compton 1994). 

 Results 

Prior to evaluating the results, we first examined the flow cytometry data. Results 

indicated that Run for the Roses (2c=17.62 pg DNA) (see Figure 5-2), Mirah’s choice 

(2c=17.73 pg DNA) (see Figure 5-4), and LTP015 (2c=17.58) (see Figure 5-5) were all 

a consistent with the DNA size of a tetraploid, while the ditch lily (2c=13.48 pg DNA) 

(see Figure 5-3) was consistent with the DNA size of a triploid. 
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Figure 5-2. Histogram of relative propidium iodide fluorescence obtained from a nuclei of 

Hemerocallis spp. cv. Run for the Roses and Zea mays (ce-777) (5.43 pg/2c) as an internal 

standard.  
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Figure 5-3. Histogram of relative propidium iodide fluorescence obtained from a nuclei of 

Hemerocallis sp. Fulva (ditch lily) and Zea mays (ce-777) (5.43 pg/2c) as an internal standard. 
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Figure 5-4. Histogram of relative propidium iodide fluorescence obtained from a nuclei of 

Hemerocallis spp. cv. Mirahs Choice and Zea mays (ce-777) (5.43 pg/2c) as an internal standard.  
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Figure 5-5. Histogram of relative propidium iodide fluorescence obtained from a nuclei of 

Hemerocallis. spp. cv. LTP015 and Zea mays (ce-777) (5.43 pg/2c) as an internal standard. 
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Data indicated that a significant difference in the multiplication rates was observed 

in the first trial (see Figure 5-6). Further investigation revealed that Ditch lilies were able 

to produce significantly more shoots than any other cultivar, averaging 4 per sample. 

However, this trend was not reproducible in the second trial, with no significant 

differences being observed (see Figure 5-7).  
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Figure 5-6. Columns represent the average number of shoots (i.e. multiplication rate) of Hemerocallis spp. cv. Run 
for the Roses, H. sp. Fulva, H. spp. cv. LTP015 and H. spp. cv. Mirahs choice when treated with identical 
multiplication media (trial 1). Bars represent the S.E. with different letters represent statistically significant 

differences among treatments (p-value <0.05). 
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Figure 5-7. Columns represent the average number of shoots (i.e. multiplication rate) of Hemerocallis spp. cv. 
Run for the Roses, H. sp. Fulva, H. spp. cv. LTP015 and H. spp. cv. Mirahs choice when treated with identical 
multiplication media (trial 2). Bars represent the S.E. with different letters represent statistically significant 
differences among treatments (p-value <0.05). 
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Data indicated a significant difference was observed the development of unwanted 

callus in both trials one and two. Data from trial one indicated that LTP015 developed a 

significantly higher callus weight than any other cultivar (see Figure 5-8). Data from the 

second trial indicated that LTP015 produced a significantly greater callus mass 

compared to Mirahs Choice (see Figure 5-9). Data from trial two indicated that callus 

weight from Run for the Roses, and Ditch lilies were not significantly different.  

Data indicated a significant difference was observed in the total fresh weight from 

trial one, with LTP015 averaging 10.4 g per sample, significantly higher than both Ditch 

lilies and Mirah’s choice, averaging 6.2 g and 6.7 g respectively, all significantly higher 

than Run for the Roses averaging 2.5 g per sample (see Figure 5-8). However, no 

significant difference was observed in the fresh weight in trial two (see Figure 5-9). 

Finally, data indicated a significant difference was observed in the shoot weight of both 

trials. Data from trial one indicated that every cultivar produced significantly more shoot 

weight that Run for the Roses, averaging 1 g per sample (see Figure 5-8). Data from 

the second trial indicated that Ditch lilies and Mirahs Choice averaging 5.42 g and 7.55 

g per sample respectively, produced a significantly greater shoot weight than both Run 

for the Roses and LTP015 (see Figure 5-9).  
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Figure 5-8. Columns represent the Callus Weight, Fresh Weight and Shoot Weight of Hemerocallis spp. cv. Run 
for the Roses, H. sp. Fulva, H. spp. cv. LTP015 and H. spp. cv. Mirahs choice when treated with identical 
multiplication media (trial 1). Bars represent the S.E. with different letters represent statistically significant 
differences within each attribute between treatments (p-value <0.05). 
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Figure 5-9. Columns represent the Callus Weight, Fresh Weight and Shoot Weight of Hemerocallis. spp. cv. Run 
for the Roses, H. sp. Fulva, H. spp. cv. LTP015 and H. spp. cv. Mirahs choice when treated with identical 
multiplication media (trial 2). Bars represent the S.E. with different letters represent statistically significant 

differences within each attribute between treatments (p-value <0.05). 
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A significant difference was observed in the rooting data in both trials one and two. 

Data indicated that Mirah’s Choice, produced a significantly higher rooting percentage 

than any other cultivar in trial one (see Figure 5-10). Data from the second trial indicated 

a similar trend with Mirahs choice once again producing a significantly higher 

percentage of samples that had rooted with 83%, however, it was quickly followed by 

Ditch lilies with 41%, significantly higher than both LTP015 and Run for the Roses (see 

Figure 5-11). 
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Figure 5-10. Columns represent the percentage of Hemerocallis spp. cv. Run for the Roses, H. sp. Fulva, H. spp. 
cv. LTP015 and H. spp. cv. Mirahs choice samples rooted when treated with identical multiplication media (trial 1). 
Bars represent the S.E. with different letters represent statistically significant differences among treatments (p-
value <0.05). 
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Figure 5-11. Columns represent the percentage of Hemerocallis spp. cv. Run for the Roses, H. sp. Fulva, H. spp. cv. 
LTP015 and H. spp. cv. Mirahs choice samples rooted when treated with identical multiplication media (trial 2). 
Bars represent the S.E. with different letters represent statistically significant differences among treatments (p-

value <0.05). 
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 Discussion 

A significant difference was observed in the development of unwanted callus, 

shoot weight, total fresh weight, and the percentage of samples rooted. The 

multiplication rate varied among genotypes in the first trial with Ditch lilies producing 

significantly more shoots compared to the other three cultivars. However, this trend was 

not reproducible with data from the second trial indicating that there was no significant 

difference among the cultivars due to intra-genotype explant variability, despite 

multiplication rates being almost three times greater. This may be explained due to 

variation with the initial explant, mentioned in section 3.5, with samples ranging from 

two-three cm in length in trial one, and from three-five cm in length in trial two. 

In general, Ditch lily has exceptional growth ex vitro with some cultivars producing 

up to 100 flowers per inflorescence and is readily propagated through root cuttings 

(Gulia et al. 2009). This could suggest a trend between in vitro, and ex vitro growth 

characteristics among Daylily cultivars as this genotype was also the most prolific in 

vitro. LTP015 produced a significantly greater amount of fresh weight compared to any 

other cultivars tested. However, this trend was not reproducible indicating that the 

genotypic effect remains unclear.  

Results observed from LTP015 and Run for the Roses reflect the results from 

Matand et al. (2013) study, in which one of their cultivar, Red Grace, developed callus 

yet was  unable to successfully produce shoots. Though all cultivars, were able to 
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produce shoot tissue to some degree, Run for the Roses, and LTP015 produced 

significantly less. However, unlike Matand et al. (2013) study, callus was observed on 

media containing only cytokinins.  

Similar to Adelbergs et al. (2007) study, results indicate that ploidy level is not 

important when analysing the genotypic variation in variables such as multiplication 

rates, fresh weight, callus weight, etc... Despite seeing significant differences in callus 

production and shoot mass, all four cultivars were successfully established, multiplied 

and acclimatized (data not shown) using an identical protocol. This indicates that our 

tissue culture system can represent a robust protocol, effective for cultivars that are 

both triploid and tetraploid. We believe that this could be due to the use of multiple 

cytokinins, with our protocol being one of the first to use both BAP and Kinetin 

simultaneously for Daylilies.  

 Conclusion 

The final objective was met by taking the results from chapters two-four and 

evaluating the compatibility of the media among multiple cultivars. Four cultivars 

representing three tetraploids and one triploid, were established and maintained with 

the goal of quantifying the genotypic response among cultivars. Based on past 

research, it was hypothesized that a genotypic response would be observed between 

the cultivars. However, based on our preliminary investigations, it was hypothesised that 

this genotypic response would only be observed in the efficiency of the medium (i.e. 

callus weight, multiplication rate, shoot weight, etc…), and not on the incompatibility (i.e. 

death) of the cultivar. Based on the results, we have rejected the null hypothesis and 
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have determined that a genotypic response was not only observed, but it was observed 

within the same ploidy level. Results also allowed us to reject the null hypothesis 

indicating that the genotypic response was based on efficiency as opposed to 

compatibility. Though more research is recommended, we believe that this experiment 

has met a major milestone in successfully establishing numerous cultivars into culture. 
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6 General Conclusion 

 Though not all of our objectives were met, a successfully robust protocol that has 

worked across multiple cultivars has been developed. The use of a liquid system allows 

for the development of large shoot tissue as well as complex rooting systems. With the 

data collected we belive that a static liquid system, i.e. gravity well, will function just as 

well as a rocker bench, allowing small scale breeders to achieve the benefits of a liquid 

system at a fraction of the cost.  

However what was most interesting was the hardiness of the plants. Plants 

removed from tissue culture with a minimum of 2 roots, were so resistant to abiotic 

stress, no significant difference could be determined between placing the plantlets 

directly into aeroponics (supplemented with half strength Hoagland solution), potting mix 

(with humidity domes) or under mist beds. A survival rate of above 95% was observed 

among all treatments indicating that this stage required no further investigation.  

Current research on the endogenous auxin levels found in Daylily cultivars is 

limited.  However, based on results found in both liquid and semi-solid media 

experiments, we believe that either an above average level can be expected or Daylily 

cultivars respond to auxins differently (i.e. similar to Asparagus, a taxonomically similar 

species). With this knowledge a one-step protocol for both multiplication and rooting can 

be supported to ease any small scale breeder into a micropropagation protocol. While a 

significant relation between multiplication rates and sucrose concentrations as well as 

the simultaneous use of BAP and kinetin as observed, confirming these results proved 
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to be challenging. At this moment it is suggested that the sucrose concentration remain 

at 3%. 

The final protocol has been refined over the course of these experiments, with a 

copy presented in section 7. This protocol has already been adopted by industry 

partners, who have successfully established three additional cultivars into tissue culture 

including: Hemerocallis spp. cv. Plub Jam L., Hemerocallis spp. cv. Light House Blaze 

L., and Hemerocallis spp. cv. Artistic Expression L.. We believe we have successfully 

bridged the gap between research and industry practices and will continue to work with 

industry partners with the goal of minimizing the development of unwanted callus, 

thereby overcoming the final criticism associated with tissue culture on behalf of the 

Daylily industry.  

Though we believe we have laid out the foundation in establishing a robust 

micropropagation protocol, we have identified a number of different studies that should 

be continued. The first is to test the effect of our protocol on additional cultivars and 

investigate a phenotypic/genetic fidelity. We believe that assessing the efficacy of this 

protocol among multiple cultivars will provide the evidence needed to lower some of the 

animosity toward tissue culture in the Daylily community. By showing firsthand the 

compatibility of this protocol, we will remove one of the largest criticism associated with 

the micropropagation of Daylilies. 

 Future studies analyzing the impact of AIs could be of significant interest to the 

Daylily industry. Though we could not find a reproducible treatment effect with the use 

of PCIB at 2 µM, 5 µM and 10 µM, we believe that a different inhibitor such as TIBA or 
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1-n-Naphthylphthalamic Acid (NPA) may yield some interesting results. Finally we 

would suggest looking further into the influence of multiple cytokinins. Though our 

CCRD did indicated BAP*Kinetin influenced the multiplication rate, in a perfect world, 

we would have evaluated the response of these variable over multiple cultivars. 

However, due to a lack of plant material and time constraints, this quickly became 

unfeasible. By analysing this relation more, we may be able to determine if the use of 

two cytokinins is the key to this robust tissue culture protocol. 

 

 

 

 

 

 

 

 

 



116 

 

 

7 Chapter 7 Micropropagation of Daylilies Protocol 

This section will serve as a guide for the micropropagation of Daylilies. It has been 

broken into 2 sections involving the lab preparations, and handling the plant material. 

The final section of this document includes the media recipes used.  

 Media Prep 

Media preparation is the starting point for most tissue culture derived all lab work. It 

is vital to have the media prepared long before you plan on working with the plant 

material itself. There are three main media compositions for daylilies including: initiation 

media, multiplication media, and rooting media, all of which can be in a liquid or semi-

solid form. The instructions for brewing a 1L media batch can be found below: 

- Ensure all dishes are cleaned prior to their use. 

- Measure approximately 600-700 ml of distilled water into a 1.5 L (or larger) 

Erlenmeyer flask. 

- Place the flask onto a stir plate with a stir bar inside. 

o Set the stir plate to 200 rpm, however this can change depending on the 

size of the media batch. 

- Add solid ingredients first (I.e., sucrose and MS nutrients). 

o This gives the solid ingredients time to dissolve. 

- Add the liquid ingredients (i.e. PGRs, PPM, etc…).  

- Once all the ingredients are added/dissolved, remove the beaker from the stir 

plate and pour the contents into a volumetric cylinder. 

o It is vital that all the ingredients are dissolved prior to transferring. 
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- Top off the media using distilled water until it reaches 1000 ml (1L). 

o It is important to top off the media after the ingredients are added and prior 

to adjusting the PH to account of a change in volume due to the 

ingredients. 

- Pour the media back into the beaker and calibrate the pH meter. 

- Turn the stir plat on (200 rpm) and adjust the pH to 5.7 

o  Use 0.1 and 1 M solutions of sodium hydroxide (NaOH) and 0.1 and 1 M 

solutions of hydrochloric acid (HCl) to adjust the pH. 

- Once the pH is adjusted remove the pH meter.  

o If making liquid media, place the media into the vessel or a Pyrex media 

bottle twice its volume and place into the autoclave. 

- For semi-sold media, add 6 g/L of agar to the medium. 

o Never add the agar before adjusting the pH to avoid damaging the 

equipment. 

- With the stir plate still on turn the heating element on to approximately 300°F.  

o Be careful as over boiling can be both dangerous and difficult to clean.  

- Once the media is brought to a boil, using heat resistance gloves, remove the 

flask and pour the appropriate amount of media into each vessel.  

- The media is now ready to be autoclaved.  
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 Autoclave 

Sterility is crucial when working in tissue culture. As a result, all tools and media 

must be sterilization prior to being used. This protocol will provide the settings used 

for the autoclave, but is not a replacement for autoclave training.  

- When sterilizing media it is important to use the liquid settings (liquid cycles) 

- Never fill vessels more than 50% their volume and never completely seal the 

vessel.  

- Place the media in a 20 minute liquid cycle at 131 °C at 18 PSI. 

o For those using manual autoclaves, the media must be at 131°C for the 

entire 20 minutes. This should not account for the time it takes to warm 

up. 

- Once sterile, remove the media and place into a flow bench.  

o If using liquid media seal the bottles immediately after autoclaving them.  

- Let the media cool down or solidify prior to placing plant material in it. 

Note: when semi-solid media is cooling down you may choose to remove the lid to avoid 

high levels of condensation. However, this step is not always necessary.  

When sterilizing tools, set the autoclave to a 40 minute dry (gravity) cycle and place 

your tools box inside. It is recommended that you sterilize your tools prior to each use. 

Tools boxes should include 3-4 forceps, 2 scalpels, 1 scissor, and a tool rack. A bundle 

of wax paper should be wrapped twice using tin foil and placed beside the tool box for 

sterilization. Although the flow bench will be sterilized, sterile wax papers provide the 

most contaminate free work surfaces (if plant material falls onto the flow bench, it 

should be considered contaminated).   
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 Tissue Culture 

When all the media is prepped and tools are sterilized, you may begin to work with 

the plant material. The following sections break down the 5 stages of micropropagation.  

7.3.1 Selection of Parent Material.  

The starting material will greatly influence the chances of success when establishing 

a new cultivar into culture. Preliminary investigations have found that explants removed 

from the pedicle joint, just below an undeveloped bud at the juvenile stage (refer to 

Figure 7-1), demonstrated the highest level of totipotency. As a result, we recommend 

removing parent material from this section.   

 

 

 

 

 

 

 

 

 

 

 

7.3.2 Establishment/Surface Sterilization 

Rinse the plant material for at least 1 hour (see Figure 7-2). This will remove any 

dust, dirt or debris from the plant material. 

Figure 7-1. This figure shows the location where to remove the 
explant from the parent material (left) along with the material that will 
be cut and used for tissue culture (right). 



120 

 

 

 

 

While the plant material is rinsing, take this time to sterilize the flow hood using 70% 

ethanol and prepare the sterilization solution. Do this by following the steps provided 

below. 

- Prepared a sterilization solution with 10% commercial beach, 90% distilled water, 

and 2 drops of tween 20 into a 50 ml (50 ml falcon tubes work well).  

- Prepare a half a liter of sterile distilled water (autoclaved for 40 minutes using the 

liquid cycle).  

- Turn the flow hood on for a minimum of 20 minutes to ensure proper flow.  

Figure 7-2. Rinse the Parent material for one hour in 

agitated water. 
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- Using a cheese cloth damp with 70% ethanol, wipe down the flow bench in the 

following order: Ethanol bottle, hands, the interior top, back, sides and bottom of 

the flow bench. 

- Wipe down the tool box, media boxes, bead sterilizer and any other 

miscellaneous tools that are brought into the flow bench.  

o Any items that are brought into the flow bench at this time are to be 

considered contaminated and must be sterilized by wiping the surface 

down with ethanol. 

o Turn the bead sterilizer on and set it to approximately 300°C. 

After 1 hour, the explant will be ready for surface sterilization. Begin by cutting the 

explant into sections around 3.5 cm long and placing them into a 50 ml falcon tube 

labeled with the cultivar as seen in Figure 7-3. It is also a wise idea to label 4 additional 

tubes (1, 2, 3 and 4) during this stage.  
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Figure 7-3. After the plant material has been rinsed (left), remove the node (right).  The nodes can then be placed 

into distilled water into a labeled falcon tube.  
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Wipe the surface of the falcon tubes down with ethanol and arrange them in ascending 

order as seen on Error! Reference source not found.. 

 

Once all the tools have been placed into the flow bench, you may then begin the 

surface sterilization protocol: 

- Wipe down the surface of any material brought into the flow bench with 70% 

ethanol, 

- Pour 25 ml of sterile distilled water into each of falcon tubes labeled 2-4, 

- Pour the sterilizing solution into falcon tube #1, 

- Remove explants from the falcon tube and place into sterilizing solution (tube #1) 

for 10 minutes with constant agitation.  

o After each use place the working end of the tools into the bead sterilizer 

for approximately 15 seconds. 

Figure 7-4 The (left) image displays the labels falcon tubes that will be used for the surface sterilization. The 
(right) image provides a representation of all the material used in the flow bench. 
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o If the working end of the tools touch your hands or the flow bench, place 

them into the bead sterilizer for 15 seconds.   

- After 10 minutes remove explants from solution #1 and place them into solution 

#2 for 10 minutes with constant agitation. 

o Repeat for solution #3 and #4. 

- After 10 minutes in solution #4 place the explant onto sterile wax sheets and 

cut/remove any damaged tissues. 

- Place explant onto establishment media with the open wound in the medium. 

- Seal and label accordingly. 

These explants have now been surface sterilized and placed into an in vitro 

environment. They will be sensitive to light, so place the vessels into a dimly lit growth 

chamber. Be sure to label the date, cultivar name, technician name and media content 

for safety. 

7.3.3 Multiplication Stage 

After 2 weeks in the initiation media, the explants will need to be transferred onto 

multiplication media. Although they may not appear to be any different, our preliminary 

investigations have shown that further exposure of (PAC) may result in a negative 

impacts on the vigorousness of the explant. Similar to the previous section, the first step 

will be to sterilize the flow hood and any material that is required.  

- Turn on flow bench and let it run for at least 20 minutes.  

- Sterilize the flow hood and all material within it using 70% ethanol. 

- Turn on the Bead sterilizer and wait for it to come up to temperature. 
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- Bring the culture vessel into the flow hood and sterilize the outer surface. 

- Remove the explant from the initiation media and place into the multiplication 

media. 

o Note: If a Callus has formed place the explant onto sterilized wax paper. 

Using a scalpel and forceps carve/cut the callus off of the differentiated 

foliar tissue. 

- Label the new culturing vessels and place into a well-lit growth chamber. 

In this stage units will be subject to frequent sub culturing. Any foliar tissue may be 

subculture and grown individually allowing cultures to reproduce exponentially (as seen 

in Figure 1-1). 

7.3.4 Rooting Stage 

Our preliminary investigations have shown that Daylilies have the ability to develop 

roots on multiplication medium. However, we have found that removing all PGRs and 

placing the explant onto liquid medium results in a much more vigorous and complex 

rooting system. Investigations have also indicated that liquid systems yield much larger 

and mature shoots, in addition to removing the need to wash the agar off of the roots 

tissue. As a results, we suggest placing the explant into liquid rooting media three 

weeks prior to acclimatizing them into the green house. 

7.3.5 Acclimation 

 When a rooting system has been developed, follow the steps below: 

- Prepare a potting tray with a perlite medium (Be sure to wet the perlite while 

using a respirator). 
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- Place the plantlet into the pearlite and label accordingly. 

- Place the tray onto a mist bed. 

- After approximately 1-2 weeks transfer the samples into potting mix and water 

accordingly. 

After Approximately 2 months, the samples may be transferred into the field 

(depending on out-door temperatures). It is suggested that the plants be transferred at 

the beginning of the season (i.e. May-June) to ensure a high survival the following 

winter. If mist beds are not available, place the plantlets into potting mix under humidity 

domes. Monitor the plantlets well for heat stress in the first 2 weeks. 

 Stock Solutions 

Prior to brewing media, you will have to create stock solutions. Because tissue 

culture will typically use PGR at such small concentrations, a stock solution is required 

to make the measuring logistically possible. Below are the three PGR used for Daylilies 

in tissue culture. Each of the instructions below will allow you to reach a final 

concentration of 1 milimole. As each stock volume is 100ml each ml= 1µM. 
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Kinetin 

- Measure 0.021521 g of kinetin. 

- Dissolve into 1 M NaOH. 

o Use as little NaOH as possible as this will greatly influence the pH of your 
media. 

- Slowly add distilled water to reach a volume of 100 ml. 

- Label and store in fridge. 

BAP 

- Measure 0.022524 g of BAP.  

- Dissolve into 1 M NaOH. 

o Use as little NaOH as possible as this will greatly influence the pH of your 
media. 

- Slowly add distilled water to reach a volume of 100 ml. 

- Label and store in fridge. 

Paclobutrazol 

- Measure 0.02938g of paclobutrazol.  

- Dissolve into 1 M NaOH. 

o Use as little NaOH as possible as this will greatly influence the pH of your 
media. 

- Slowly add distilled water to reach a volume of 100 ml. 

- Label and store in fridge. 
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 Media 

1.1. Establishment media.  

- 4.42 g/L Ms + basal vitamins  
- 30 g/L sucrose 
- 1 ml/L ppm 
- 8.5 µM PAC 
- 3 µM BAP 
- 2 µm Kinetin 
- 0.55 µ NAA 
- pH for 5.7 
- 6 g/L agar 
 

 

1.2. Multiplication media 

Semi-Solid 

- 4.42 g/L Ms + basal vitamins 
- 30 g/L sucrose 
- 1 ml/L ppm 
- 6 µM BAP 
- 4 µM Kinetin 
- pH for 5.7 
- 6 g/L agar 

liquid 

- 4.42 g/L Ms basal + vitamins 
- 30 g/L sucrose 
- 1 ml/L ppm 
- 6 µM BAP 
- 4 µM Kinetin 
- pH for 5.7 

  

1.3. Rooting Media (if necessary) 

 
- 2.21 g/L MS + basal vitamins 

- 15 g/L sucrose 

- 1 ml/L ppm  

- pH for 5.7 

- 6 g/L agar 
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9 Appendices 

Appendix 1: Bracts are a small modified leaf, with or without a stem.  

Appendix 2: Morpholigical Classification: relies of the physical size, shape and patterns of the organism 
so that it may be classified. This method uses five keys to determine the categories listed below (Halloy 
1990). Unfortunately as technological method of classifying genetic material became readily available and 
less expensive, these methods were considered obsolete. However, they are still the most cost effective 
manner of classifying plant species.  

- The plant silhouette or general shape with 11 categories, 
- The leaf group with 14 categories, 
- The stem group with 27 categories, 
- The root with 5 categories, and 
- The inflorescence with 3 categories. 

Appendix 3: PCR classification uses RNA sequencing technology resulting in much more detailed genetic 
frame works. Though these methods are much more dependable, they are both costly and labour 
intensive making it difficult to becoming a standard. 

Appendix 4: Type 3 test for the significance of main effects of liquid and semi-solid media and their 
interactions on the number of possible explants, trials 1 and 2 (α=0.05). 

 Trial 1  Trial 2  

Fixed Effect F 
Pr>F F-

Value 
Pr>F 

Treatment 1.43 0.2583 9.06 0.0003 

 

Appendix 5: Type 3 test for the significance of main effects of liquid and semi-solid media and their 
interactions on the development of Callus Weight, trials 1 and 2 (α=0.05). 

 Trial 1  Trial 2  

Fixed Effect F 
Pr>F F-

Value 
Pr>F 

Treatment 1.03 0.37 6.89 0.0016 

 

Appendix 6: Type 3 test for the significance of main effects of liquid and semi-solid media and their 
interactions on the development of total fresh weight, trials 1 and 2 (α=0.05). 

 

 

 Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 

Treatment 1.84 0.1808 0.41 0.6645 
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Appendix 7: Type 3 test for the significance of main effects of liquid and semi-solid media and their 
interactions on the development of Non Callus Fresh Weight (i.e. Shoot weight), trials 1 and 2 (α=0.05). 

 

 

Appendix 8: Standard error and mean comparisons of the number of possible explants, callus weight, 
total fresh weight, non-callused (foliar) weight, and percentage of samples rooted, in the first replicate of 
the liquid vs semi-solid experiment. Treatments that share the same letters are not significantly different 
using Student Newman Keuls test with a P= 0.05.  

 

 
Potential explants 

 
Callus weight Total  fresh weight Non-callused (foliar) 

weight 
Roots (%) 

Treatmen
t 

Estimat
e   SE 

Estimat
e 

 SE Estimat
e 

 SE Estimat
e 

 SE Estimat
e 

 S.E 

Rocker 3 A 0.707 1.47 A 0.610 4.65 A 0.656 3.17 A 0.475 66 A 1.667 

Gravity 
Well 

2.66 
 

A 0.799 1.30 
 

A 0.277 3.59  A 0.525 2.29 A   0.351 88 A 0.111 

Semi-
Solid 1.55 A 0.242 2.14 

A 0.339 3.28 A 0.368 1.14 B 0.159 22 B 0.146 

 

Appendix 9: Standard error and mean comparisons of the number of possible explants, callus weight, 
total fresh weight, non-callused (foliar) weight, and percentage of samples rooted, in the second replicate 
of the liquid vs semi-solid experiment. Treatments that share the same letters are not significantly 
different using Student Newman Keuls test with a P= 0.05. 

 

 
Potential explants 

 
Callus weight Total  fresh weight Non-callused 

(foliar) weight 
Roots (%) 

Treatment 
Estimat
e   SE 

Estimat
e 

 SE Estimat
e 

 SE Estimat
e 

 SE Estimat
e 

 S.
E 

Rocker 7.09 B 
0.71
8 1.72 

B 0.24
0 

3.65 A 0.401 1.93 A 0.21
8 

0 A 0 

Gravity 
Well 11.62 

A 1.11
3 1.85 

B 0.18
9 

3.62 A 0.272 1.77 A 0.14
4 

0 A 0 

Semi-Solid 7.94 B 
0.40
9 2.85 

A 0.29
2 

4 A 0.307 1.15 B 0.09
6 

0 A 0 

                

 

 

 

 Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 

Treatment 8.29 0.0018 6.62 0.002 
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Appendix 10: Standard error and mean comparisons of the number of possible explants, callus weight 
and rooting percentage in the preliminary study of the auxin inhibitor test using semi-solid media. 
Treatments that share the same letters are not significantly different using a Student Newman Keuls test 
with a P= 0.05. 

  Potential explants Callus weight Roots  

Treatment Estimate   S.E Estimate   S.E 
Estimate 
(%) 

 S.E 

5 (neg ctrl) 1.42 A 0.259 0.26 B 0.138 33 B 0.142 

1 (2µM) 2.5 A 0.417 1.84 A 0.369 0 A 0 

2 (5 µM0) 1.83 A 0.457 0.69 B 0.317  0 A 0 

3 (10 µM) 1.5 A 0.313 1.19 AB 0.357 0 A 0 

4 (pos ctrl) 2.67 A 0.432 1.32 AB 0.303 0 A 0 

          

Appendix 11: Standard error and mean comparisons of the number of possible explants, callus weight, 
total fresh weight, non-callused (foliar) weight, and percentage of explants rooted, trial 1 of the auxin 
inhibitor test using semi-solid media. Treatments that share the same letters are not significantly different 
using Student Newman Keuls test with a P= 0.05. 

  
Potential explants 

 
Callus weight Total  fresh weight Non-callused (foliar) 

weight 
Roots (%) 

Treatment Estimate   SE Estimate   SE Estimate   SE Estimate   SE 
Estimate 
(%) 

 S.E 

5 (neg ctrl) 1.83 B 0.423 0.024 B 0.024 0.44 B 0.062 0.41 A 0.060 91 B 0.083 

1 (2 µM) 3.41 B 0.668 0.92 A 0.166 1.4 A 0.242 0.47 A 0.116 0 A 0 

2 (5 µM) 5.91 A 1.025 0.82 A 0.179 1.30 A 0.242 0.48 A 0.116 0 A 0 

3 (10 µM) 5.5 A 0.529 1.01 A 0.221 1.62 A 0.228 0.61 A 0.109 0 A 0 

4 (pos ctrl) 2.25 B 0.578 1.10 A 0.216 1.43 A 0.220 0.32 A 0.084 0 A 0 

                

Appendix 12: Standard error and mean comparisons of the number of possible explants, callus weight, 
total fresh weight, non-callused (foliar) weight, and percentage rooted in trial 2 of the auxin inhibitor test 
using semi-solid media. Treatments that share the same letters are not significantly different Student 
Newman Keuls test with a P= 0.05. 

  
Potential explants 

 
Callus Weight Total  fresh weight Non- callused (foliar) 

weight 
Roots (%) 

Treatment Estimate   SE Estimate   SE Estimate   SE Estimate   SE 
Estimate 
(%) 

 S.E 

5 (neg ctrl) 6 A 1.758 0.07 C 0.042 0.56 B 0.113 0.48 A 0.099 66 B 0.142 

1 (2 µM) 10.83 A 1.964 1.66 A 0.234 2.48 A 0.225 0.81 A 0.149 0 A 0 

2 (5 µM) 8.75 A 1.675 1.12 AB 0.259 2.13 A 0.345 1.01 A 0.266 0 A 0 

3 (10 µM) 11 A 1.595 1.19 AB 0.208 2.31 A 0.312 1.11 A 0.214 0 A 0 

4 (pos ctrl) 9.33 A 1.389 0.73 B 0.131 1.61 A 0.211 0.88 A 0.105 0 A 0 

                



138 

 

 

 

 

Appendix 13: Standard error and mean comparisons of the number of possible explants, callus weight, 
total fresh weight, non-callused (foliar) weight, and percentage of roots, trial 1 in the auxin inhibitor test 
using liquid media. Treatments that share the same letters are not significantly different using Student 
Newman Keuls test with a P= 0.05. 

 

  
Potential explants 

 
Callus Weight Total  fresh weight Non- callused (foliar) 

weight 
Roots (%) 

Treatment Estimate   SE Estimate   SE Estimate   SE Estimate   SE Estimate  S.E. 

 5 
(neg ctrl) 1.43 A 0.141 0.39 B 0.077 1.53 B 0.193 1.13 B 0.194 

46 B 0.089 

1 (2 µM) 1.59 A 0.205 1.73 A 0.239 3.84 A 0.351 2.11 A 0.231 21 A 0.074 

2 (5 µM) 2.03 A 0.309 1.34 A 0.218 2.76 A 0.359 1.43 AB 0.188 15 A 0.065 

3 (10 µM) 1.56 A 0.210 1.79 A 0.243 3.62 A 0.405 1.83 AB 0.275 21 A 0.074 

4 (pos ctrl) 1.90 A 0.234 2.08 A 0.436 3.53 A 0.510 1.45 AB 0.146 12 A 0.059 

             
   

                

                

 

Appendix 14: Standard error and mean comparisons of the number of possible explants, callus weight, 
total fresh weight, non-callused (foliar) weight, and percentage of roots, trial 2 of the auxin inhibitor test 
using liquid media. Treatments that share the same letters are not significantly different using Student 
Newman Keuls test with a P= 0.05. 

  
Potential explants 

 
Callus Weight Total  fresh weight Non- callused (foliar) 

weight 
Roots (%) 

Treatment Estimate   SE Estimate   SE Estimate   SE Estimate   SE 
Estimate 
(%) 

 S.E 

4 (pos ctrl) 5.09 A 0.778 1.57 A 0.176 3.86 A 0.376 2.29 A 0.242 
3 A 0.03 

3 (10 µM) 4.43 A 0.767 1.66 A 0.231 3.72 A 0.408 2.06 A 0.211 0 A 0 

2 (5 µM) 3.62 A 0.718 1.31 A 0.168 3.24 AB 0.347 1.93 A 0.218 0 A 0 

1 (2 µM) 2.90 A 0.465 1.66 A 0.330 3.32 AB 0.429 1.69 A 0.233 3 A 0.03 

5 (neg ctrl) 3.09 A 0.449 0.53 B 0.073 2.37 B 0.214 1.83 A 0.191 40 B 0.08 

                

  

Appendix 15: Standard error and mean comparisons of the number of possible explants, callus weight, 
total fresh weight, non-callused (foliar) weight, and percentage of roots, trial 3 of the auxin inhibitor test 
using liquid media. Treatments that share the same letters are not significantly different using Student 
Newman Keuls test with a P= 0.05. 

  
Potential explants 

 
Callus weight Total  fresh weight Non-callused (foliar) 

weight 
Roots (%) 
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Treatment Estimate   SE Estimate   SE Estimate   SE Estimate   SE 
Estimate 
(%) 

 S.E. 

5 (neg ctrl) 6.78 B 0.677 0.48 B 0.117 3.55 B 0.200 3.07 A 0.316 100 A 0 

1 (2 µM) 8.96 AB 1.385 1.38 A 0.261 5.07 AB 0.441 3.69 A 0.299 15 BC 0.065 

2 (5 µM) 10.84 A 1.024 1.95 A 0.202 4.89 AB 0.382 2.93 A 0.250 6 C 0.043 

3 (10 µM) 5.09 B 0.728 1.41 A 0.261 5.46 A 0.636 4.05 A 0.529 6 C 0.043 

4 (pos ctrl) 11.96 A 1.797 1.55 A 0.265 4.80 AB 0.327 3.25 A 0.191 28 B 0.081 

 

Appendix 16: Standard error and mean comparisons of the number of proliferations, Callus Weight, Total 
Fresh Weight, and Shoot Weight between treatments trial 1 compatibility test. Treatments that share the 
same letters are not significantly different using Student Newman Keuls test with a P= 0.05. 

  
Potential explants 

 
Callus Weight Total  fresh weight Non- callused (foliar) 

weight 
Roots (%) 

Treatment Estimate   SE Estimate   SE Estimate   SE Estimate   SE 
Estimate 
(%) 

 S.E 

Ditch 4 A 0.112 2.65 B 0.337 6.27 B 0.503 3.61 A 0.398 0 B 0 

MC 1.75 B 0.217 2.08 B 0.653 6.76 B 0.990 4.68 A 0.941 66 A 0.142 

LTP015 1.91 B 0.336 6.98 A 1.022 10.48 A 1.185 3.49 A 0.729 0 B 0 

R4R 1.16 B 0.112 1.42 B 0.152 2.49 C 0.212 1.06 B 0.202 0 B 0 

 

Appendix 17: Standard error and mean comparisons of the number of possible explants, callus weight, 
total fresh weight, non-callused (foliar) weight, and rooting percentage, trial 2 of the compatibility test. 
Treatments that share the same letters are not significantly different using Student Newman Keuls test 
with a P= 0.05. 

  
Potential explants 

 
Callus weight Total  fresh weight Non-callused (foliar) 

weight 
Roots (%) 

Treatment Estimate   SE Estimate   SE Estimate   SE Estimate   SE 
Estimate 
(%) 

 S.E 

Ditch 6.41 A 1.110 2.38 AB 0.373 7.80 A 0.925 5.42 A 0.809 41 B 0.148 

R4R 4.75 A 3.131 3.40 AB 1.106 5.19 A 2.25 1.79 B 1.153 0 C 0 

LTP015 1.41 A 0.228 5.09 A 1.209 5.99 A 1.464 0.90 B 0.265 0 C 0 

M.C. 1.25 A 0.179 0.71 B 0.390 8.27 A 0.915 7.55 A 1.036 83 A 0.112 
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Appendix 18: Type 3 test for the significance of main effects of Auxin inhibitors (0, 2, 5 & 10 µM PCIB) in 
Semi-solid media and their interactions on the number of possible explants, preliminary, trials 1 and 2 
(α=0.05). 

 

 

 

Appendix 19: Type 3 test for the significance of main effects of Auxin inhibitors (0, 2, 5 & 10 µM PCIB) in 
Semi-solid media and their interactions on the development of unwanted callus, preliminary, trials 1 and 2 
(α=0.05). 

 

 

Appendix 20: Type 3 test for the significance of main effects of Auxin inhibitors (0, 2, 5 & 10 µM PCIB) in 
Semi-solid media and their interactions on the development of total fresh weight, preliminary, trials 1 and 
2 (α=0.05). 

 

 

Appendix 21: Type 3 test for the significance of main effects of Auxin inhibitors (0, 2, 5 & 10 µM PCIB) in 
Semi-solid media and their interactions on the development of non-callused fresh weight (i.e. shoot 
weight), preliminary, trials 1 and 2 (α=0.05). 

 

 

Appendix 22: Type 3 test for the significance of main effects of Auxin inhibitors (0, 2, 5 & 10 µM PCIB) in 
liquid media and their interactions on the development of the number of possible explants, trials 1, 2 and 
3 (α=0.05). 

 

 

 

 Preliminary  Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 
F-
Value  

Pr>F 

Treatment 2.22 0.0782 7.51 <0.0001 1.44 0.2339 

 Preliminary  Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 
F-
Value  

Pr>F 

Treatment 4.01 0.0063 6.03 0.0004 9.55 <0.0001 

 Preliminary  Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 
F-
Value  

Pr>F 

Treatment n/a n/a 4.96 0.0017 9.27 <0.0001 

 Preliminary  Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 
F-
Value  

Pr>F 

Treatment n/a n/a 1.22 0.3110 1.82 0.1379 

 Trial 1  Trial 2  Trial 3  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 
F-
Value  

Pr>F 

Treatment 0.93 0.4523 1.99 0.0988 5.57 0.0003 
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Appendix 23: Type 3 test for the significance of main effects of Auxin inhibitors (0, 2, 5 & 10 µM PCIB) in 
liquid media and their interactions on the development of Callus weight, trials 1, 2 and 3 (α=0.05). 

 

 

 

Appendix 24: Type 3 test for the significance of main effects of Auxin inhibitors (0, 2, 5 & 10 µM PCIB) in 
liquid media and their interactions on the development of Total Fresh Weight, trials 1, 2 and 3 (α=0.05). 

 

 

Appendix 25: Type 3 test for the significance of main effects of Auxin inhibitors (0, 2, 5 & 10 µM PCIB) in 
liquid media and their interactions on the development of Non Callused Tissue (i.e. Shoot Weight), trials 
1, 2 and 3 (α=0.05). 

 

 

Appendix 26: Type 3 test for the significance of main effects (cultivars) in Liquid media and their 
interactions on the development of possible explants (i.e. the number of possible explants), trials 1 and 2 
(α=0.05). 

 

 

Appendix 27: Type 3 test for 
the significance of main effects (cultivars) in Liquid media and their interactions on the development of 
unwanted Callus (i.e. Callus Weight), trials 1 and 2 (α=0.05). 

 

 

Appendix 28: Type 3 test for the significance of main effects (cultivars) in Liquid media and their 
interactions on the development of Total Fresh Weight, trials 1 and 2 (α=0.05). 

 

 

 

 Trial 1  Trial 2  Trial 3  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 
F-
Value  

Pr>F 

Treatment 5.27 0.0008 5.32 0.0005 5.53 0.0003 

 Trial 1  Trial 2  Trial 3  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 
F-
Value  

Pr>F 

Treatment 6.06 0.0003 2.60 0.0380 2.89 0.0243 

 Trial 1  Trial 2  Trial 3  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 
F-
Value  

Pr>F 

Treatment 3.40 0.0130 1.09 0.3652 2.16 0.0763 

 Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 

Treatment 5.66 0.0023 2.33 0.0870 

 Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 

Treatment 15.72 <0.0001 4.53 0.0075 

 Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 

Treatment 15.9 <0.0001 0.96 0.4218 
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Appendix 29: Type 3 test for the significance of main effects (cultivars) in Liquid media and their 
interactions on the development of Non callused Tissue (I.e. Callus Weight), trials 1 and 2 (α=0.05). 

 

 

Appendix 30: Regression analyses of the lack of fit between the fixed effects and the number of possible 
explants from the CCRD of the cytokinins/sucrose experiment. An R² value of 0.08323 was observed 
indicating the 92% of the variability could not be explained.  

Regression DF Type 1 sum 
of Squares 

R-square f-Value Pr>F 

Linear 3 37.76 0.051 2.81 0.0418* 

Quadratic 3 3.14 0.004 0.23 0.8726 

Crossproduct 3 20.17 0.0275 1.50 0.2174 

Total Model 9 61.08 0.0832 1.51 0.1482 

 

Appendix 31: Type 1 test of fixed effect on the callus weight of the CCRD, prior to analyzing sucrose at an 
optimal concentration, Fixed effects with a * indicated a significant relation is present. 

Effect F-Value Pr>f 

BAP 1.26 0.2632 

BAP² 1.25 0.2653 

Kinetin 0.78 0.3779 

Kinetin² 0.02 0.8847 

Sucrose 1.87 0.1730 

Sucrose² 6.99 0.0091* 

Bap*kinetin 0.11 0.7356 

BAP*sucrose 0.01 0.9284 

Kinetin*sucrose 0.08 0.7786 

BAP*kinetin*sucrose 1.96 0.0876 

 

Appendix 32: Regression analyses of the lack of fit between the fixed effects and the callus weight from 
the CCRD of the cytokinins experiment. An R² value of 0.0741 was observed indicating the 92% of the 
variability could not be explained.  

Regression DF Type 1 sum 
of Squares 

R-square f-Value Pr>F 

Linear 3 6.401616 0.0234 1.27 0.2883 

Quadratic 3 13.501211 0.0494 2.67 0.0497* 

Crossproduct 3 0.329881 0.0012 0.07 0.9782 

Total Model 9 20.232707 0.0741 1.33 0.2242 

 Trial 1  Trial 2  

Fixed effect R-1 F-Value 
Pr>F F-

Value Pr>F 

Treatment 5.79 0.0020 12.40 <0.0001 
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 Appendix 33: Data from the Flow cytometry test comparing the DNA size of our Standard (maize 
CE-777) and each of our cultivars, DNA calculated using the equation in Figure 5-1. 

Cultivar Events  Mean Median Peak 
DNA 
(pg) 

Run for the Roses 
2c 630 634.14 635 631 17.62 
Run for the Roses 
4c 0 . . .  
Stnd 2C 2235 195.47 196 196 5.43 
Stnd 4C 989 395.76 396 395  
Ditch 2c 1162 497.71 498 498 13.48 
Ditch 4c 0 . . .  
Stnd 2C 5971 200.5 200 200 5.43 
Stnd 4C 2597 402.63 403 403  
Mirah Choice 2c 2204 657.64 657 656 17.73 
Mirahs Choice 4c 0 . . .  
Stnd 2C 2297 201.36 201 202 5.43 
Stnd 4C 893 402.67 403 401  
LTP015 2c 1281 643.89 644 645 17.58 
LTP015 4c 0 . . .  
Stnd 2C 2255 198.91 199 199 5.43 

Stnd 4C 922 400.61 401 400  



144 

 

 

 

 

Appendix 34: Light spectrum analyzed with a LI-COR LI-180 
spectrometer. Spectrum analyses confirms a 4:1 red: blue ratio at 
an intensity of 51 µM.  


