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ABSTRACT
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STERILITY IN RUSSIAN DANDELION (TARAXACUM KOK-SAGHYZ)
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University of Guelph, 2015

Advisor:
Professor David J. Wolyn

Russian dandelion (Taraxacum kok-saghyz Rodin) may serve as a new source of natural
rubber; however, domestication of the species is required for cultivation. This research focused
on vital issues related to crop development, including improving germination under water-stress,
and determining inheritance of flowering habit and male sterility. Three cycles of phenotypic and
half-sib family recurrent selection increased germination 34.5% and 42.5%, and reduced
germination time 3 and 5 d, respectively, for seeds incubated at low water potential. Phenotypic
segregation of progeny from crosses between spring-type and winter-type plants and between
male sterile and male-fertile plants suggested that three major loci control flowering habit and
cytoplasmic male sterility can be restored to fertility by a nuclear restorer of fertility gene. These
results demonstrate that Russian dandelion has potential to be adapted as a crop for rubber
production in North America.

ACKNOWLEDGEMENTS
First and foremost, I am thankful to Zach for encouraging me to pursue graduate studies
and for all the support he provided along the way. I don’t know where I would be today without
him. I am immensely thankful to my advisor, Dave Wolyn, for taking me under his wing and
allowing me the opportunity to work with such an exciting species. The success of my research
is greatly due to his guidance and I am so lucky to have had him as my advisor. I would also like
to thank everyone in my lab and in the department, especially Olivier, for being a boundless
source of knowledge. Lastly, I am grateful to everyone on my exam and advisory committees for
taking the time to thoroughly read my thesis and develop interesting questions for my defence.

iii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ........................................................................................................... iii
LIST OF TABLES ......................................................................................................................... vi
LIST OF FIGURES ...................................................................................................................... vii
LIST OF ABBREVIATIONS ...................................................................................................... viii
1

GENERAL INTRODUCTION ................................................................................................. 1
1.1 Hypotheses ......................................................................................................................... 4
1.2 Objectives ........................................................................................................................... 4

2

LITERATURE REVIEW ......................................................................................................... 5
2.1 Natural Rubber ................................................................................................................... 5
2.2 Russian Dandelion.............................................................................................................. 7
2.3 Breeding for Improved Germination Under Water Stress ................................................. 8
2.3.1 Germination ................................................................................................................... 8
2.3.2 Methods to Study the Effects of Water Stress on Germination ..................................... 9
2.3.3 The Effects of Water Stress on Germination ............................................................... 10
2.3.4 Recurrent Selection...................................................................................................... 11
2.3.5 Breeding for Drought Tolerance during Germination ................................................. 13
2.4 Flowering Habit ................................................................................................................ 15
2.4.1 Genetics of Flowering in Arabidopsis thaliana ........................................................... 15
2.4.2 Genetics of Flowering in Other Species ...................................................................... 19
2.4.3 Flower Initiation in TKS.............................................................................................. 20
2.5 Male Sterility .................................................................................................................... 22
2.5.1 Origins of Cytoplasmic Male Sterility......................................................................... 22
2.5.2 CMS Genes and Mechanisms Determining Phenotype ............................................... 23
2.5.3 Fertility Restoration in CMS Systems ......................................................................... 25

3

EXPERIMENT 1: BREEDING FOR IMPROVED GERMINATION UNDER WATER
STRESS IN RUSSIAN DANDELION .................................................................................. 28
3.1 Abstract ............................................................................................................................ 28
3.2 Introduction ...................................................................................................................... 28
3.3 Materials and Methods ..................................................................................................... 31
3.3.1 Genetic Materials and Population Formation .............................................................. 31
3.3.2 Artificial Water Stress ................................................................................................. 31
3.3.2.1 Phenotypic Selection .......................................................................................... 32
3.3.2.2 Family Selection ................................................................................................. 33
3.3.3 Response Evaluation .................................................................................................... 34
3.3.4 Data Collection and Statistical Analysis ...................................................................... 34
3.4 Results .............................................................................................................................. 35
3.5 Discussion ........................................................................................................................ 40
3.6 Conclusion........................................................................................................................ 42

4 EXPERIMENT 2: INHERITANCE OF FLOWERING HABIT IN RUSSIAN DANDELION
....................................................................................................................................................... 43
iv

4.1 Abstract ............................................................................................................................ 43
4.2 Introduction ...................................................................................................................... 43
4.3 Materials and Methods ..................................................................................................... 46
4.3.1 Genetic Materials and Analysis ................................................................................... 46
4.3.2 Growth and Culture ..................................................................................................... 47
4.3.3 Crossing Methods ........................................................................................................ 47
4.3.4 Statistical Analyses ...................................................................................................... 47
4.4 Results .............................................................................................................................. 48
4.5 Discussion ........................................................................................................................ 59
5

EXPERIMENT 3: INHERITANCE OF MALE STERILITY IN RUSSIAN DANDELION 61
5.1 Abstract ............................................................................................................................ 61
5.2 Introduction ...................................................................................................................... 61
5.3 Materials and Methods ..................................................................................................... 64
5.3.1 Genetic Materials and Analysis ................................................................................... 64
5.3.2 Growth and Culture ..................................................................................................... 64
5.3.3 Crossing Methods ........................................................................................................ 66
5.3.4 Statistical Analyses ...................................................................................................... 66
5.4 Results .............................................................................................................................. 67
5.4.1 F1 .................................................................................................................................. 67
5.4.2 F2 .................................................................................................................................. 67
5.4.3 Backcrosses ................................................................................................................. 72
5.4.4 F3 .................................................................................................................................. 74
5.4.5 Exceptional Crosses ..................................................................................................... 77
5.5 Discussion ........................................................................................................................ 78

6

GENERAL DISCUSSION ..................................................................................................... 81
6.1
6.2
6.3

6

Breeding for Improved Germination Under Water Stress ............................................... 81
Inheritance of Flowering Habit ........................................................................................ 83
Inheritance of Male Sterility ............................................................................................ 84

REFERENCES ....................................................................................................................... 86

APPENDICES .............................................................................................................................. 98

v

LIST OF TABLES
Table 4.1 Genetic analysis of F1 progeny from crosses among spring-type (S) and wintertype (W) Russian dandelion (Taraxacum kok-saghyz Rodin) plants................................49
Table 4.2 Flowering habit in Russian dandelion (Taraxacum kok-saghyz Rodin) is
determined by the interaction of three genes A, B, and C where a dominant A allele
in combination with a homozygous recessive genotype at B or C confers winter-type
(W) and recessive alleles at A or a dominant allele at B and C confers spring-type
(S) .....................................................................................................................................52
Table 4.3 Genetic analysis of F2 and backcross (BC1) progeny from crosses among springtype (S) and winter-type (W) Russian dandelion (Taraxacum kok-saghyz Rodin)
plants.................................................................................................................................54
Table 5.1 Genetic analysis of Russian dandelion (Taraxacum kok-saghyz Rodin) F1 progeny,
testing cytoplasmic inheritance of male sterility and nuclear inheritance of a restorer
of fertility gene...................................................................................................................67
Table 5.2 Genetic analysis of Russian dandelion (Taraxacum kok-saghyz Rodin) F2 progeny
testing cytoplasmic inheritance of male sterility and nuclear inheritance of a restorer
of fertility gene...................................................................................................................68
Table 5.3 Genetic analysis of Russian dandelion (Taraxacum kok-saghyz Rodin) backcross
(BC1) progeny testing cytoplasmic inheritance of male sterility and nuclear inheritance
of a restorer of fertility gene..............................................................................................73
Table 5.4 Genetic analysis of Russian dandelion (Taraxacum kok-saghyz Rodin) F3 progeny
testing cytoplasmic inheritance of male sterility and nuclear inheritance of a restorer
of fertility gene...................................................................................................................75

vi

LIST OF FIGURES
Figure 2.1 Comparison of vernalization and photoperiod pathway components in (A)
Arabidopsis thaliana (L.) with (B) wheat (Triticum spp.) and barley (Hordeum
vulgare L.)..........................................................................................................................16
Figure 3.1 Percent germination in Russian dandelion (Taraxacum kok-saghyz Rodin)
populations, cycle 0 (C0)–C3, after 14 d at -1.0 MPa, in a polyethylene glycol 8000
solution and in the C0 after 14 d at 0 MPa, in ddH2O.......................................................36
Figure 3.2 One hundred-seed weight of Russian dandelion (Taraxacum kok-saghyz Rodin)
populations, cycle 0 (C0)–C3, subjected to three cycles of selection for germination
under water stress using phenotypic selection or half-sib family selection……...............38
Figure 3.3 Cumulative percent germination over time in Russian dandelion (Taraxacum koksaghyz Rodin) populations, cycle 0 (C0)–C3, incubated in (A) ddH2O, at 0 MPa, and
(B) polyethylene 8000 (PEG 8000), at -1.0 MPa..............................................................39
Figure 5.1 Male fertile (A and D), partial sterile (B and E), and sterile (C and F) Russian
dandelion (Taraxacum kok-saghyz Rodin) capitulum (A–C) and floret (D–F)................64

vii

LIST OF ABBREVIATIONS
ANOVA

analysis of variance

AP1

APETALA1

BC1

backcross generation

CMS

cytoplasmic male sterility

Cn

the nth cycle population

CO

CONSTANS

COP1-SPA

CONSTITUTIVE PHOTOMORPHOGENIC 1-SUPPRESSOR OF
PHYTOCHROME A

Den

denominator

df

degrees of freedom

EGMS

environment-sensitive genic male sterility

ETC

electron transport chain

FD

FLOWERING LOCUS D

FLC

FLOWERING LOCUS C

FRI

FRIGIDA

FT

FLOWERING LOCUS T

FUL

FRUITFULL

GA

gibberellic acid

GMS

genic male sterility

IRSG

International Rubber Study Group

LFY

LEAFY
viii

MGT

mean germination time

Num

numerator

OP

osmotic potential

ORF

open reading frame

PCD

programmed cell death

PEG

polyethylene glycol

Ppd-1

photoperiod-1

RCBD

randomized complete block design

SALB

South American leaf blight

SAM

shoot apical meristem

SEP

SEPALATA

SOC1

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1

TKS

Taraxacum kok-saghyz

VIN3

VERNALIZATION INSENSITIVE 3

VRN1

VERNALIZATION 1

VRN2

VERNALIZATION 2

VRN3

VERNALIZATION 3

WWII

World War II

ix

1 GENERAL INTRODUCTION
Natural rubber (cis-1,4-polyisoprene) is one of the most important polymers produced by
plants. It is used in more than 40,000 products essential for a number of industries including,
transportation, construction, health and mining (Mooibroek and Cornish, 2000). Due to its
unique properties, natural rubber is irreplaceable in many of its applications including aircraft
and truck tire production. Currently, the sole source of natural rubber, the Para rubber tree
(Hevea brasiliensis Muell. Arg.), is threatened by disease and changing land use patterns. The
instability of the current supply as well as an increasing demand for natural rubber presents a
need for an alternative source.
Within the past few years, attention has focused on two new species as candidates for
natural rubber production: guayule (Parthenium argentatum Gray) and Russian dandelion
(Taraxacum kok-saghyz Rodin; TKS). Of the numerous species that produce latex, guayule and
TKS were chosen because they generate large amounts of high molecular weight rubber with
properties equal to those of the rubber produced by H. brasiliensis. Guayule is a shrub native to
Mexico and semi-arid regions of the southern U.S. TKS prefers a temperate climate and is ideal
for cultivation in southwestern Ontario and the northern U.S.
During World War II (WWII), a rubber shortage facilitated research to find new natural
sources. Out of 1,100 indigenous plant species, scientists in the U.S.S.R. selected TKS as the
best candidate for rubber production (van Beilen and Poirier, 2007). The plant was extensively
cultivated and studied in the U.S.S.R., and in 1941, 30% of rubber consumption in that nation
was derived from TKS (van Beilen and Poirier, 2007). Many other countries also began
cultivating TKS at that time, including the U.S. (Whaley and Bowen, 1947), Germany (van
Beilen and Poirier, 2007), Sweden and Spain (Polhamus, 1962). However, when Hevea rubber
1

became widely accessible after the war ended, TKS cultivation was abandoned because it was
very labour intensive and costly (van Beilen and Poirier, 2007). As a result, limited breeding
work has been conducted on TKS and the species requires domestication before it can become
widely cultivated.
The most important trait requiring improvement in TKS is germination, as it is the most
critical stage in seedling establishment, determining successful crop production (Almansouri et
al., 2001). Poor germination results in problems with uniformity, crop stand establishment, weed
infestation, nitrogen and water use efficiency, and ultimately, yield and quality (Hadas, 1997;
Hadas et al., 1985; Hadas et al., 1990). Research on TKS has revealed that the seeds germinate
best at a depth of 0.3 cm, a temperature of 23 ºC, and under high moisture conditions (Whaley
and Bowen, 1947). Germination in petri dishes was reported to be between 83% and 94%.
However, in the fields of St. Paul, Minnesota, germination was only 50%–55% (Whaley and
Bowen, 1947). A drastic reduction in germination, 10%–30%, was observed at the Simcoe
Research Station in Simcoe, Ontario, where some seedlings emerged in a few days, and others in
weeks. When seedbed moisture was high, rapid, uniform field germination was observed in
Saginaw, Michigan and Red River Valley, Minnesota, in 1943 (Whaley and Bowen, 1947).
These results suggest that the poor germination observed in Simcoe is probably due to
inadequate seedbed moisture as the seeds are sown very close to the soil surface which is prone
to drying and crusting.
As weather and rainfall patterns are highly variable, only irrigation would ensure
adequate seedbed moisture. Other practices for increasing germination in the field have been
moderately successful. These include presoaking the seed with water or potassium nitrate
solutions (Levitt and Hamm, 1943), prechilling at 0 ºC (Whaley and Bowen, 1947), and planting
2

under hay mulch (Moussavi, 2015). Irrigation and pretreatments are only temporary solutions to
the problem because they are costly and time-consuming. It is essential that the trait be improved
by breeding in order for the crop to become commercialized. Breeding for improved germination
under water stress has been successful in species such as sand bluestem (Andropogon hallii
Hack.) (Springer et al., 2012) and tomato (Solanum lycopersicum L.) (Foolad et al., 2003).
Improvement of the trait in TKS should also be possible, due to the high variability observed in
the germplasm (Whaley and Bowen, 1947).
When managing a breeding program, it is important to become familiar with the
flowering habit of the species of interest in order to induce rapid and uniform flowering. In TKS,
two flowering peaks have been observed: one in November and one in the following April
(Warmke, 1944). This observation suggests that both photoperiod and temperature control flower
induction. The flowering peak in November is probably triggered by the shortening photoperiod,
and the peak in April suggests a period of low winter temperatures (vernalization) may be
necessary to induce flowering in some plants. Another study conducted by Borthwick et al.
(1943) found that vernalization increased the percentage of plants that flowered. This confirms
that within the TKS germplasm there is a vernalization-requirement.
Currently, there are two flowering phenotypes observed in the germplasm available at the
University of Guelph: one requiring vernalization and one without the vernalization requirement.
A rapid-cycling population has been developed by crossing plants without the vernalization
requirement in order to expedite genetic analyses of important traits. Other populations with a
vernalization requirement, however, are core breeding materials being used directly for cultivar
development. An understanding of the genetic mechanism controlling vernalization requirement
will be necessary to transfer traits from the rapid-cycling to the core breeding populations.
3

Another trait of central importance to a breeding program is male sterility. Male sterile
plants completely lack pollen or produce defective, non-functional pollen. The genes responsible
for this phenotype are inherited nuclearly (genic male sterility; GMS) or maternally through the
mitochondrial genome (cytoplasmic male sterility; CMS) (Chen and Liu, 2014). GMS and CMS
are valuable tools for studying the mechanisms involved in anther development and
gametogenesis, but most importantly, CMS can be used to facilitate hybrid seed production.
Male sterility has been identified in over 600 species including several dandelions (Kaul, 1988;
van der Hulst et al., 2004). Male sterile plants were recently identified in TKS but the mode of
inheritance is currently unknown.
1.1

Hypotheses

1. Recurrent selection for germination at low water potential can improve germination under
water stress.
2. Flowering habit is controlled by two or more loci.
3. Male sterility is cytoplasmically-inherited.
1.2

Objectives

1. To develop a breeding method to improve germination under water stress.
2. To determine the number of genes involved in flowering habit.
3. To determine the inheritance of male sterility.

4

2 LITERATURE REVIEW
2.1

Natural Rubber
Natural rubber (cis-1,4-polyisoprene) is produced by plants and stored as rubber particles

that are suspended in the milky cytoplasm (latex) of specialized cells called laticifers (Whalen et
al., 2013). The biological need for rubber production in plants is unclear; however, research
suggests that it may be related to stress response and herbivory defense (El Moussaoui et al.,
2001; Gronover et al., 2011). Natural rubber has outstanding performance properties, including
high elasticity, resilience, and impact resistance, making it irreplaceable in many applications,
such as aircraft and truck tire production (van Beilen and Poirier, 2007). The highest quality
petroleum-based synthetic rubbers, such as polyvinyl chloride, styrene-butadiene, and
acrylonitril-butadiene do not compare to natural rubber because production is very cost
inefficient and quality is inferior (van Beilen and Poirier, 2008).
More than 2500 plant species produce rubber (Mooibroek and Cornish, 2000), however,
the Para rubber tree, is currently the sole commercial source, with 90% of production occurring
in three countries in Southeast Asia (Indonesia, Thailand, and Malaysia) (van Beilen and Poirier,
2007). In 2013, 12 million tons of natural rubber were produced and consumed worldwide, 10%
of which was imported to North America (International Rubber Study Group [IRSG], 2014).
Asia had the largest market for rubber, accounting for 72% of total world demand. The market is
predicted to increase 50% by 2023 due to the rapidly developing economies of China and India
(Moung, personnal communication). If needs are not met, tire companies, whose products
account for 70% of natural rubber consumption, would lose millions of dollars in profit and
industries such as construction and mining that depend on high-quality tires for their day-to-day
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work would not be able to function (van Beilen and Poirier, 2007). The healthcare industry
would also be greatly impacted, as many products such as catheters and gloves are produced
from natural rubber in the form of latex.
The plant disease, South American leaf blight (SALB), caused by the fungus,
Microcyclus ulei, is another urgent concern (van Beilen and Poirier, 2007). In 1934, SALB
destroyed the entire rubber tree population in Brazil which has not been able to restore largescale production, and currently, accounts for 1% of world production. Accidental entry of the
disease into Southeast Asia could cause a similar devastation, especially since the rubber tree
plantations are genetically homogeneous, making them very susceptible to disease. Breeding for
resistance has not been successful in the past, and remains difficult due to the complex and
prolonged nature of tree breeding.
Moreover, available land in Southeast Asia is limited for rubber production. In the past
30 years, palm oil production has increased significantly, and Malaysia, Indonesia, and Thailand
have become the world’s largest producers (Dallinger, 2011). To prevent deforestation, palm
expansion is limited to land that is currently used for rubber and rice cultivation so additional
plantations are expected to replace some of the existing rubber trees. Expansion of rubber tree
cultivation into other non-traditional growing areas is also prevented due to specific climate
requirements (Mooibroek and Cornish, 2000). In order to meet future demands and ensure that
rubber production remains stable if SALB spreads to Southeast Asia, it is critical to find a new
source of natural rubber.

6

2.2

Russian Dandelion
Russian dandelion is a herbaceous perennial (although often cultivated as an annual or

biennial) of the Asteraceae family. The leaves form a basal rosette and flowers are arranged in
heads (capitula) at the end of scapes. Each capitulum contains 50–90 yellow, ray florets (Whaley
and Bowen, 1947). Rubber is produced in laticifers in the taproot (Krotkov, 1945) that fuse at
their apical ends forming vessels with continuous cytoplasm (Hagel et al., 2008). This rubber has
a high molecular weight of 2180 kD, giving it the same properties as that produced by H.
brasiliensis. The dried roots of wild TKS plants contain up to 5% rubber and 40% inulin (van
Beilen and Poirier, 2007). The latter is a major storage carbohydrate that can be used as a food
additive or fermented into ethanol and used as biofuel, increasing the value of the crop (Whaley
and Bowen, 1947).
TKS was discovered in the Tien Shan Mountains of Kazakstan, in 1931, during an
expedition set forth to discover a domestic source of natural rubber in the U.S.S.R. The plant was
quickly recognized as promising for rubber production and considerable efforts to domesticate
the species were initiated in 1935 (Whaley and Bowen, 1947). When Japan took control of
Southeast Asia during WWII, export of natural rubber was terminated, creating worldwide
shortages (Wendt, 1947). This prompted many other countries, including, the U.S. (Whaley and
Bowen, 1947), Germany (van Beilen and Poirier, 2007), Sweden and Spain (Polhamus, 1962) to
begin growing TKS experimentally.
Once the war ended, the emergency rubber projects were terminated because Asian
rubber export resumed and cultivation of TKS was difficult and expensive; poor germination and
weak seedling growth resulted in a high degree of weed infestation. Hand weeding was the most
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costly aspect of TKS cultivation in the U.S. (Whaley and Bowen, 1947). Rubber yields were also
very low in comparison to those of H. brasiliensis; the highest TKS rubber yield was 200 kg/ha
in the U.S.S.R. compared to 3000 kg/ha produced by the rubber tree (van Beilen and Poirier,
2007). In the U.S., only 110 kg/ha was obtainable from TKS. By the early 1950s, scientists of the
U.S.S.R. also discontinued cultivation and improvement of the plant (van Beilen and Poirier,
2007). Consequently, very little breeding work has been conducted on TKS and much
improvement is needed before it can be commercially grown.
2.3

Breeding for Improved Germination Under Water Stress

2.3.1 Germination
Germination is a set of complex metabolic processes occurring in the seed that initiate
embryo growth and cause elongation of the lower hypocotyl and hypocotyl-radicle transition
zone such that the radicle penetrates the testa (Sliwinska et al., 2009). To initiate the sequence of
metabolic processes, water uptake is essential for the activation of enzymes and hydrolysis of
stored compounds. Germination, thus, is initiated as soon as water uptake begins, and can be
divided into three phases: (1) imbibition, (2) transition, and (3) growth (Bewley and Black,
1985). The imbibition phase proceeds very rapidly as a consequence of the water potential
gradient between seed and soil, and occurs regardless of seed viability or state (i.e., dormant or
non-dormant). The water potential of a mature, dry seed is between -50 and -100 MPa (Hegarty,
1978), which increases to approximately -1.5 MPa by the end of the first stage, depending on the
water potential of the soil, the seed composition, and the seed-soil contact properties (Bewley
and Black, 1985). In viable seeds, many important physiological transitions occur during
imbibition, and include the re-establishment of membranes, an increase in respiration, and the
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initiation of mRNA synthesis (Bewley, 1997). The transition phase, also known as the lag phase,
commences as water uptake begins to plateau. During this stage, many metabolic processes are
activated in preparation for radicle emergence; however, the seed moisture content and
respiration rate remain unchanged (Koller and Hadas, 1982). The seed will then proceed into the
final phase, in which the respiratory and water uptake rates begin to increase again and turgordriven extension of the embryonic axis causes the seed coat to rupture, marking the end of
germination (Bewley and Black, 1985).
In order to complete germination, it is essential that the seed intakes a minimal amount of
water to achieve the critical hydration level which depends on water uptake rate, external water
potential, temperature, and seed adaptations to these factors (Hadas, 1970). The critical water
potential is the external water potential value that prevents seeds from reaching their critical
hydration level (Hadas, 1982) and varies greatly among species. Values of -1.52, -1.2, -0.7 and 0.35 MPa were determined for sorghum (Sorghum bicolour L.), chickpea (Cicer arietinum L.),
cotton (Gossypium hirsutum L.), and clover (Melilotus albus Medik.) seeds, respectively, when
measured under water potential equilibrium conditions (Hunter and Erickson, 1952).
2.3.2 Methods to Study the Effects of Water Stress on Germination
The effect of water stress on germination is typically studied by incubating seeds in petri
dishes containing osmotic solutions rather than planting seed directly in soil in the field or
greenhouse. This is common for most drought stress studies because uniformity between and
within experimental units is achieved, a condition that cannot be attained when seeds are
germinated in the soil. Also, germination can be recorded when the radicle punctures the seed
coat in an osmotic solution, which is more accurate than recording seedling emergence.
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Germination sensu stricto begins with imbibition and ends with radicle protrusion; it does not
include the growth of the seedling that occurs after radicle protrusion (Bewley and Black, 1985).
Solutions used for germination can be maintained at specific water potentials by adding a
chemical agent (osmoticum) such as polyethylene glycol (PEG), mannitol, sucrose, or sodium
chloride. PEG has been identified as the most effective osmoticum because it is not toxic to the
seed and has large molecules excluded from the seed coat pores (Oertli, 1985; Hohl and
Schopfer, 1991; Verslues et al., 1998) that create osmotic pressure outside rather than inside the
seed (induce cytorrhysis rather than plasmolysis). Thus, PEG can accurately simulate drought
stress conditions in the field. Although this compound has a range of molecular weights, PEG
6000 and 8000 are commonly used in water stress studies.
2.3.3 The Effects of Water Stress on Germination
As water potential decreases from 0 MPa (pure water) to the critical water potential, a
gradual decrease in percent germination has been observed in numerous species (Somers et al.,
1982; Pirdashti et al., 2003; Okcu et al., 2005; Springer, 2005; Nandula et al., 2006;
Khodarahmpour, 2012). In 10 wheat (Triticum aesitivum L.) cultivars, seeds incubated in PEG
6000 solutions with water potentials of 0, -0.59, -0.82 and -1.13 MPa had an average of 100%,
86%, 69%, and 25% germination, respectively (Blum et al., 1980). Germination in the most
drought tolerant cultivar was 45% at -1.13 MPa compared to 0% in the least tolerant cultivar. In
two maize (Zea mays L.) cultivars, seeds exposed to PEG 6000 solutions with water potentials of
0, -0.3, -0.6 and -0.9 MPa had an average of 21%, 14%, and 4% germination, respectively
(Khodarahmpour, 2012). Mean germination time (MGT) increased by 4 d when seeds were
incubated at -0.9 MPa compared to the control, 0 MPa. The cultivar B73 was more drought
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tolerant than MO17 because the seeds performed significantly better under all levels of water
stress tested. Seeds of three pea (Pisum sativum L.) cultivars incubated in PEG 6000 solutions at
0, -0.2, -0.4, -0.6 and -0.8 MPa had an average of 92%, 87%, 62%, 43%, and 12% germination,
respectively (Okcu et al., 2005). Compared to the control, 0 MPa, MGT increased by 5.5 d at an
osmotic potential of -0.8 MPa. Seeds of the pea cultivar, Sprinter, had significantly better
performance under drought stress than cvs. Utrillo and Bolero.
The results of laboratory-based drought stress experiments can be representative of
emergence patterns observed in soil. In sunflower (Helianthus annuus L.), germination in the soil
followed the same trend as in PEG solutions; however, seeds planted in the soil were more
sensitive to moisture stress than those in the PEG solutions (Somers et al., 1982). For example, at
a water potential of -1.1 MPa, 17% and 88% germination was observed for soil and PEG,
respectively. Thill et al. (1979) found similar results in wheat; a linear correlation was found
between germination rate (% germinated∙h-1) in PEG and soil; however, the rate was much
slower in the soil compared to the PEG solutions. The increased sensitivity to water stress in soil
compared to PEG solutions is probably due to low hydraulic conductivity and wetted seed
contact area in the soil (Hadas and Russo, 1974). Based on previous studies, seed germination in
PEG solutions has potential as a screening method for improved field emergence under drought
stress.
2.3.4 Recurrent Selection
Russian dandelion is a diploid (2n = 2x = 16) cross-pollinated species with a selfincompatibility system (Warmke, 1943). Cross-pollinated species are typically bred through
repeated generations of selection and recombination between superior individuals, termed
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recurrent selection (Allard, 1960). The goal of each cycle is to improve the mean performance of
the population and the performance of the best individuals by increasing the frequency of
favourable alleles and creating new genotypes through recombination. The genetic gain in each
cycle can be mathematically expressed as R=ckh2σP where R= the response from one generation
of selection, c= the measure of parental control, k= the standardized selection differential, h2=
heritability, and σP= the phenotypic standard deviation (Acquaah, 2007). Response to selection
can be maximized by increasing any variable in the previous equation.
Heritability is the ratio of additive genetic variance to phenotypic variance (Acquaah,
2007). Phenotype is influenced by genetic and environmental factors, thus by maintaining a
uniform environment during selection and increasing the accuracy of the method, heritability can
be increased. The phenotypic standard deviation plays a large role in determining genetic gain
because selecting plants with the best performance in a population with a large range of
phenotypes would lead to a greater selection differential than selecting plants from a population
with a small phenotypic variance (Hallauer, et al. 2010). However, this would depend on the
heritability, as a heritability of 0 would produce no genetic gain since all of the phenotypic
variance would be due to the environment. Therefore, it is important to begin a breeding program
with a large base population of unrelated individuals in order to maximize genetic variability.
Population sizes often range from hundreds up to tens of thousands of individuals. An increase in
k also increases the response, however, by selecting a small percentage of the population, the
genetic variability rapidly decreases reducing long-term gain and increasing the risk of
inbreeding depression. Typical selection intensities range from 0.5% to 25%, with the low
intensities usually corresponding to large effective population sizes. Lastly, the parental control
value can be doubled (from 0.5 to 1) by selecting for both parents instead of just the female. This
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can be achieved by selecting for a trait before flowering occurs, therefore inferior genotypes can
be discarded, preventing them from contributing to the next generation. Selection for
germination under water stress in TKS occurs before flowering, thus doubling expected genetic
gain.
The method of selection is also an important determinant of response. There are two
basic methods: phenotypic and genotypic (Hallauer et al., 2010). Phenotypic, also called mass
selection, is based on the performance of an individual plant. It is rapid, simple and large
populations can be handled. Mass selection has been successfully used to improve many traits in
numerous species including oil content in maize (Sprague and Brimhall, 1950) and disease
resistance in alfalfa (Medicago sativa L.) (Graham et al., 1965); however, it is often ineffective
at improving traits of low heritability, such as yield (Hallauer et al., 2010), because the
environment greatly influences phenotype. In genotypic or family selection, families are chosen
based on their mean progeny performance. This reduces environmental variance allowing the
breeding value of a parent and thus the values of the progeny to be best estimated. Therefore,
family selection is more effective than phenotypic selection with traits of low heritability. For
example, yield in maize has been improved via half-sib (Noor et al., 2013) and full-sib selection
(Peña-Asín et al., 2013).
2.3.5 Breeding for Drought Tolerance during Germination
Drought tolerance during germination is a complex trait controlled by multiple genes and
environmental factors (Foolad et al., 2007; Vallejo et al., 2010), thus it can be expected that
family selection would be the superior method of recurrent selection. However, mass selection
has been successfully used to improve germination under water stress. For example, in sand
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bluestem, seeds were collected from a base population of 1200 plants and 3500 were germinated
in sterile plastic boxes (100 seeds in each) on filter paper moistened with a D-mannitol solution
at a water potential of -0.8 MPa (Springer, 2011). After 7 d, all germinated seeds (approximately
6.4%) were selected, planted and intermated in polycross isolation plots. After two cycles of
selection, 7 d germination at -0.8 MPa increased 16.9% when compared to the Syn-0. Seed
weight and seedling root length also increased by 17% and 118%, respectively, of the Syn-0
indicating that seedling vigour can also be improved by selecting for increased germination.
Field evaluations were conducted the following year to test whether the increased germination
observed at -0.8 MPa would lead to improved field emergence (Springer et al., 2012). Field
emergence in the Syn-2 population increased 8.6% when compared to the base population.
Hybridization and the backcross method were used to improve germination under water
stress in tomato (Foolad et al., 2003). Drought-sensitive S. lycopersicum was crossed to droughttolerant S. pimpinellifolium (L.) and the F1 hybrid was backcrossed to S. lycopersicum. Onethousand BC1 seeds were germinated in petri dishes (64 seeds in each) containing a PEG 8000
medium at a water potential of -0.68 MPa. The most rapidly germinating 3% were selected and
selfed to produce BC1S1 seeds that were used for evaluation. Mean germination time of the
selected BC1S1 decreased by 19.6% compared to the unselected BC1S1 population and a
heritability of 0.47 was calculated. The results from the previous two studies provide evidence
that phenotypic selection in a controlled water-stressed environment has the potential to increase
field emergence under drought stress.
Currently, there has been no research conducted on family selection for germination
under water stress, however, family selection has been used to improve germination under low
temperature stress in maize (Landi et al., 1992). Selection for germination at 9.5 ºC was
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conducted on 100 full-sib families for four cycles. Using a selection intensity of 15%,
germination after 19 d at 9.5 ºC increased 16.4% compared to the base population. Despite the
success of this study, other studies using recurrent selection to improve germination under
optimal (Wright, 1978; Anderson et al., 2009) and stressed conditions (McConnell and Gardner,
1979; Klos and Brummer, 2000) have typically used mass selection. Due to the nature of the
trait, however, family selection is expected to be the superior method of selection. At this time,
insufficient research has been conducted to determine which method is most effective for
improving germination under water stress.
2.4

Flowering Habit

2.4.1 Genetics of Flowering in Arabidopsis thaliana
The transition from vegetative to reproductive growth in plants is regulated by many
environmental and endogenous factors (Thomas et al., 2006). In the model plant, Arabidopsis
thaliana, floral development is repressed by a MADS-box transcription factor FLOWERING
LOCUS C (FLC) during the early stages of the life cycle to ensure sufficient vegetative growth
to support flower and fruit development (Figure 2.1A) (Gendall and Simpson, 2006). As the
plant develops, the endogenous, autonomous pathway attenuates the repression through
activation of several genes, LUMINIDEPENDENS, FCA, FLOWERING LOCUS D (FD), FY,
FPA, REF6, FVE, and FLK, enabling floral initiation (Boss et al., 2004; Kim et al., 2009).
FRIGIDA (FRI), a gene encoding a coiled-coil domain protein, is epistatic to the autonomous
pathway, upregulating FLC expression. Dominant FRI alleles are found in accessions adapted to
temperate climates, where flowering prior to winter is inhibited (Johanson et al., 2000). These
plants require a period of low temperatures (vernalization) to inhibit floral repression and
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A

Arabidopsis thaliana

B

Temperate Cereals

Figure 2.1 Comparison of vernalization and photoperiod pathway components in Arabidopsis
thaliana (L.) with wheat (Triticum spp.) and barley (Hordeum vulgare L.). A) In A. thaliana,
FRIGIDA upregulates FLOWERING LOCUS C (FLC), a repressor of flowering that blocks
expression of floral integrator genes FLOWERING LOCUS T (FT), FLOWERING LOCUS D
(FD), and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) which are
responsible for activation of floral meristem identity genes SEPALATA (SEP), APETALA1
(AP1), LEAFY (LFY), and FRUITFULL (FUL). Vernalization upregulates VERNALIZATION
INSENSITIVE 3 (VIN3) which initially represses FLC. VERNALIZATION 1 (VRN1) and VRN2
methylate Lys residues on histone H3 of FLC thereby stably repressing the gene, allowing floral
promotion pathways to induce flowering. CONSTANS (CO) expression levels oscillate along
with the circadian rhythm, and when mRNA expression occurs simultaneously with a light
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period (during long days), CO protein is stabilized and accumulation leads to activation of FT.
B) In temperate cereals, VRN2 represses flowering under long days (short days downregulate
VRN2) by blocking expression of an FT orthologue, VRN3. Vernalization upregulates VRN1,
which represses VRN2 thus permitting expression of VRN3. VRN3 further upregulates VRN1,
which also acts as a floral meristem identity gene that specifies differentiation of shoot apical
meristems into floral meristems. Similar to A. thaliana, long days promote flowering by
activating a CO-like gene which in turn upregulates FT (VRN3). However, Photoperiod-1 (ppd1) also activates VRN3 under long days, playing a major role in photoperiod response.
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promote flowering in the favourable conditions of the spring (Andres and Coupland, 2012). FLC
and FRI are the primary genes conferring the vernalization requirement (Koorneef et al., 1994);
inactive fri or weak flc alleles are found in early flowering Arabidopsis accessions (Gendall and
Simpson, 2006).
FLC binds to floral integrator genes FD, FLOWERING LOCUS T (FT), and
SUPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), thereby blocking their
expression (Figure 2.1A) (Searle et al., 2006). FT protein is a mobile signal that moves from the
leaves to the shoot apical meristem where it couples with FD protein and activates SOC1 and
floral meristem-identity genes SEPALATA (SEP), APETALA1 (AP1), LEAFY (LFY), and
FRUITFULL (FUL) (Zeevaart, 2008). The floral mersitem identity genes are responsible for
differentiation of shoot apical meristems (SAM) into floral meristems (Coen and Meyerowitz,
1991). Therefore, by blocking expression of the integrator genes, FLC represses flowering.
Prolonged cold periods upregulate expression of VERNALIZATION INSENSITIVE 3 (VIN3),
which is responsible for the initial repression of FLC. VERNALIZATION 1 (VRN1) and VRN2 are
constitutively expressed genes that maintain repression of FLC through methylation of histone
H3 Lys 9 and histone H3 Lys 27 (Sung and Amasino, 2004). This renders the plant competent
for flower induction by floral-promotion pathways that are activated in response to specific
environmental cues, including, photoperiod, light quality and ambient temperature (Thomas et
al., 2006).
Typically, vernalization-requiring plants also respond to long days for flower induction,
as this further ensures that flowering is prevented during the shortening days of the fall. A.
thaliana is a facultative long-day plant, where flowering is accelerated under 12−16 h
photoperiods (Kim et al., 2009). This pathway is centralized around two key genes: CONSTANS
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(CO) (Putterill et al., 1995), and FT (Kardailsky et al., 1999) (Figure 2.1A). CO expression is
regulated by the circadian clock so that mRNA levels peak during the start of the dark and end of
the light periods in short and long days, respectively. CO protein is only stable under long days,
however, because light inactivates the CONSTITUTIVE PHOTOMORPHOGENIC 1SUPPRESSOR OF PHYTOCHROME A (COP1-SPA) complex which targets CO for
degradation. The accumulation of CO protein activates FT expression thereby promoting
flowering (Tiwari et al., 2010). Under short days, flower induction is controlled by gibberellic
acid (GA) accumulation at the SAM which occurs independently of environmental signals and in
the absence of other floral-promotion pathways. GAs upregulate transcription of LFY and SOC1
causing floral meristem differentiation to occur (Moon et al., 2003; Eriksson et al., 2006).
2.4.2 Genetics of Flowering in Other Species
Although little is known about the molecular basis of flower induction in species other
than A. thaliana, there is evidence suggesting that the FRI/FLC and CO/FT pathways are
conserved throughout many species in the plant kingdom. For example, FLC-like genes have
been identified in Poncirus trifoliate (L.) (Zhang et al., 2009), beet (Beta vulgaris L.) (Reeves et
al., 2007), and many Brassicas (Schranz et al., 2002), and FRI orthologues have been discovered
in Brassicas (Kuittinen et al., 2008; Irwin et al., 2012), M. truncatula, and Lotus japonicus (Risk
et al., 2010). The CO/FT pathway mediates photoperiod response in many monocot and dicot
species including rice (Kojima et al., 2002), Populus trees (Böhlenius, 2006), barley (Hordeum
vulgare L.) (Campoli et al., 2012) and wheat (Triticum spp.) (Nemeto et al., 2003; Yan et al.,
2006). However, additional genes involved in the photoperiod pathway have been discovered in
species such as, barley and wheat, where a pseudo-response regulator Photoperiod-1 (Ppd-1)
also activates the FT orthologue, VRN3, independently of CO (Figure 2.1B) (Turner et al., 2005;
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Kumar et al., 2012). In contrast to the photoperiod response, there are no Arabidopsis
vernalization pathway orthologues found in temperate cereals indicating that the vernalization
pathways evolved independently.
Winter growth habit in temperate cereals such as, wheat and barley, is controlled by three
major genes, VRN1, VRN2, and VRN3 (Figure 2.1B) (reviewed by: Colasanti and Coneva, 2009).
VRN1 encodes a MADS-domain DNA-binding protein that has similarity with the floral
meristem identity genes found in Arabidopsis (Preston and Kellogg, 2006). VRN1 expression
gradually increases during prolonged cold periods blocking expression of VRN2 (Hemming et
al., 2008). Similar to FLC in Arabidopsis, the products of the VRN2 locus repress flowering by
blocking expression of an FT-like gene, VRN3 (Gendall and Simpson, 2006). VRN2 only
represses flowering under long days, however; expression is down-regulated by short days
(Dubcovsky, 2006), which can partially or fully replace the vernalization requirement in some
winter accessions (Evans, 1987; Roberts et al., 1988).
2.4.3 Flower Initiation in TKS
In TKS, flowering peaks have been identified in November, and April of the following
year (Warmke, 1944; Whaley and Bowen, 1947) suggesting that both photoperiod and
temperature play a role in flower induction. The peak in November could have been induced by
the reduction in temperature, shortening photoperiod, or the completion of the juvenile stage, and
that in April was likely triggered by the lengthening photoperiod following the exposure to low
temperatures and short daylength.
In a series of experiments to study the effect of photoperiod and temperature on flowering
in TKS, Borthwick et al. (1943) found a higher incidence of flowering in plants subjected to
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photoperiods of 12, 16, and 18 h compared to those grown in photoperiods of 8 and 10 h,
indicating that TKS is responsive to long days. Since TKS also flowered under short days in the
previous study (Warmke, 1944), it must be a facultative long day plant similar to A. thaliana. A
short period of cold temperatures also permitted flowering in almost all of the plants studied,
suggesting that the vernalization, as well as the photoperiod pathway, are involved in floral
initiation.
Currently, there are two TKS phenotypes observed in the germplasm available at the
University of Guelph: one with and one without a vernalization requirement. A study was
conducted to determine the optimal date to move breeding populations (with the vernalizationrequirement) from the field to the greenhouse for crossing. To determine the effect of transfer
date and cold period on flowering, seedlings were planted in a field at Simcoe, ON, in June 2012
and 2013 and transferred from the field to the greenhouse in the first week of September (85
DAP), October (115 DAP), and November (145 DAP) (Hodgson-Kratky et al., unpublished).
After 0, 4, or 8 wk of vernalization, in a 4 oC coldroom, plants were placed in greenhouses with
temperatures of 21/18 oC or 15/13 oC. It was concluded that rapid and uniform flowering in
plants moved from the field to the greenhouse, in autumn, can be achieved by 1) transferring
from field to greenhouse in November, or 2) transferring in September or October, vernalizing
for 4 wk, and growing at 15/13oC. The plants were further evaluated to elucidate whether a
chilling period was required for re-inducing flowering and it was determined that 80% to 100%
of plants flowered regardless of vernalization treatment (0, 4, 8, and 12 wk) and there was no
reduction in time to reflower. Therefore, a cold treatment was not necessary to re-induce
reproductive growth.
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Despite previous studies, the inheritance of flowering habit in TKS is unknown. This is
an important research focus because breeding high-yielding cultivars requires crosses to be
performed between the populations with and without the vernalization-requirement.
2.5

Male Sterility

2.5.1 Origins of Cytoplasmic Male Sterility
Male sterility in plants is characterized by a lack of functional pollen caused by nuclear
genes (genic male sterility, GMS) or mitochondrial genes (cytoplasmic male sterility, CMS).
Sterility-causing mutations can arise spontaneously and persist at low frequencies in the wild
(Frank, 1989). Incidence of male sterility may provide an evolutionary advantage for
hermaphroditic species because it promotes outcrossing which increases genetic diversity. The
trait may also be seen as detrimental because the likelihood of fertilization, especially for
isolated plants, is reduced.
CMS has been identified in nearly 150 species including many agriculturally important
plants such as, maize, rice (Oryza spp.), wheat, canola, and sorghum (Poaceae spp.) (Laser and
Lersten, 1972). The resulting phenotype is often created by interactions between the nuclear and
mitochondrial genomes, thus it is sometimes called cytoplasmic-genic male sterility. Nuclear
restorer of fertility (Rf) genes, which mask the effects of the sterility-inducing cytoplasm, have
coevolved with CMS. These genes have made it possible to uncover male sterility within
phenotypically male-fertile breeding populations because segregation at the Rf locus results in
the observation of rfrf sterile plants (Frank, 1989). CMS-T in maize (Rogers and Edwardson,
1952) and CMS-S in onion (Allium cepa L.) (Jones and Emsweller, 1937) have been discovered
in this way.
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In species where male sterility was absent, CMS lines have been produced by various
methods. Mutagenesis was used to develop CMS in pearl millet (Pennisetum glaucum L.) using
ethidium bromide, a cationic dye that intercalates between DNA base pairs during replication
and specifically targets the negatively-charged mitochondrial matrices (Burton and Hanna,
1976). CMS was also identified in sorghum after application of colchicine, a mutagen commonly
used to induce polyploidy (Erichsen and Ross, 1963). Another method of mutagenesis, gammaray irradiation, has also been employed in African nightshade (Solanum spp.) to create CMS
plants (Ojiewo et al., 2005).
CMS can also arise in progeny from interspecific and wide crosses because of an
incompatibility between the nuclear and mitochondrial genomes of the two species (Gerstel,
1980). A cross between Helianthus petiolaris (Nutt.) and H. annuus (L.) created the
economically important PET1 CMS line in sunflower that has been used in breeding programs
for the past 40 years (Schnable and Wise, 1998). CMS lines have also been recovered by
hybridization of Nicotiana tabacum (L.) with N. plumbaginifolia (Viv.), N. glutinosa (L.), and N.
alata (L.) (Burk, 1960; Nikova et al., 1999).
2.5.2 CMS Genes and Mechanisms Determining Phenotype
The mitochondria are primarily responsible for ATP production and the proteins encoded
by the genome are essential for this function. CMS genes are often created by non-homologous
recombination events and thus contain DNA from several mitochondrial open reading frames
(ORFs) including COX2, ATP6, and ATP8, which encode for components of the electron
transport chain (ETC) (Horn et al., 2014). Non-chimeric CMS genes also exist, which consist of
a mutated version of only one mitochondrial ORF. These include the OGU cytoplasm in B.
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napus and radish (Raphanus sativus L.) (Iwabuchi et al., 1999), as well as, CMS-G in sugar beet
(Ducos et al., 2001). Generally, CMS ORFs are constitutively transcribed throughout the whole
plant but protein accumulation occurs only in the male reproductive tissues because of posttranslational regulation in vegetative tissues (Sarria et al., 1998; Wang et al., 2006; Luo et al.,
2013). This explains why the only phenotypic anomaly observed in CMS systems is male
sterility.
The function of the CMS ORFs is largely unknown although several models for the
mechanisms causing male sterility have been developed. In transgenic Escherichia coli cell
cultures, proteins encoded by CMS genes, such as URF13 in maize CMS-T (Dewey et al., 1987),
ORF522 in sunflower CMS-PET1 (Nakai et al., 1995), and ORF79 in rice CMS-BT (Wang et al.,
2006), have demonstrated cytotoxic effects. Since most CMS ORFs encode transmembrane
proteins, it is expected that they cause dysfunctional mitochondria which results in microspore or
gamete cell death (Levings, 1993).
Another model suggests that the CMS protein disrupts the inner mitochondrial membrane
causing depolarization and thus a severe reduction in ATP production (Chen and Liu, 2014).
Anthers contain more mitochondria and have higher expression of respiratory genes because they
require more energy than other organs (Lee and Warmke, 1979; Huang et al., 1994). Therefore,
male sterility might arise because the cells cannot generate sufficient energy. Since most CMS
ORFs contain the sequences of essential ETC components, CMS proteins may also compete with
their functional counterparts and form non-functional complexes, thereby preventing electron
transport. This is another possible cause of energy deficiency and has been observed in G
cytoplasm in sugar beet (Beta vulgaris Linn.) where a truncated COX2 reduces the activity of the
cytochrome oxidase complex (Ducos et al., 2001).
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An alternative model for the function of CMS proteins is aberrant programmed cell death
(PCD). PCD is regulated by the mitochondria; it occurs when cytochrome c is released into the
cytosol and an overproduction of reactive oxygen species is triggered (Liu et al., 1996; Yao et
al., 2002). Proper gamete development is dependent on precisely-timed PCD of the layer of cells
responsible for providing nutrition to the gametophyte, the tapetum (Papini et al., 1999).
Premature or delayed degradation of the tapetum is a commonly observed feature of CMS and is
found in maize CMS-T (Warmke and Lee, 1977), sunflower CMS- PET1 (Balk and Leaver,
2001), and petunia (Petunia spp.) CMS-PCF (Conley and Hanson, 1994).
Other CMS systems follow the retrograde regulation model where the CMS ORF affects
expression of nuclear genes. For example, the CMS protein, ORF307, in Chinese wild rice type
CMS causes pollen abortion through the upregulation of the fertility restorer, rf17 (Fujii and
Toriyama, 2009). Plants carrying the dominant allele, Rf17, are fertile because the gene contains
a mutated promoter region that cannot be upregulated by ORF307. Another example is in a
carrot (Daucus carota L.) homeotic mutant where the stamens are replaced by carpels (Linke et
al., 2003). The carpeloid CMS type is associated with reduced transcript levels of two MADS
box genes controlling whorl development, DcMADS2 and DcMADS3.
2.5.3 Fertility Restoration in CMS Systems
Most Rf genes encode pentatricopeptide repeat (PPR) RNA binding proteins which arise
from genome duplication events and typically suppress CMS genes through posttranscriptional
regulation (Chen and Liu, 2014). These RF proteins may degrade CMS transcripts by directly
cleaving them as in CMS-T of maize (Kennel and Pring, 1989) and CMS-Pol of Brassica
(Menassa et al., 1999) or indirectly through RNA editing as in sunflower CMS-PET1 (Gagliardi
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and Leaver, 1999). Sunflower CMS-PET1 is restored by Rf1 which is hypothesized to mark the
CMS ORF522 transcript for degradation via polyadenylation of the 3’ untranslated end. Other
CMS restorer systems control CMS expression at the translational or posttranslational level.
Examples include Rf4 in maize CMS-C (Dewey et al., 1991), Fr2 in common bean (Phaseolus
vulgaris L.) CMS-Sprite (Sarria et al., 1998), and Rfo in Brassica and radish CMS-OGU
(Uyttewaal et al., 2008). One Rf gene which restores maize CMS-T, Rf2, does not encode a PPR
protein but rather an aldehyde dehydrogenase (Liu et al., 2001). In this rare example of metabolic
regulation, RF2 is assumed to oxidize harmful aldehyde molecules produced by URF13.
2.5.4 Male Sterility in Hybrid Production
Hybrids have a greater yield, compared to open-pollinated cultivars, caused by heterosis
that occurs when alleles from two genetically distinct inbreds are combined (Tester and
Langridge, 2010). CMS is an important breeding tool for hybridization because male sterile lines
cannot self-pollinate. Hybrid production generally involves an A, B, and R line, the first of
which has sterile cytoplasm and non-functional restorer alleles (S rfrf) (Chen and Liu, 2014). The
A and B lines are isonuclear, with the latter possessing fertile cytoplasm (F rfrf) and the R line is
a genetically distinct fertile line (F/S RfRf). The three lines are simultaneously inbred by selfing
the B and R lines and intercrossing the A and B lines. Sterility is maintained in the A line during
inbred development because both A and B are rfrf. After several cycles of inbreeding, the R line
is crossed to the A line to produce fertile F1 hybrid seed (S Rfrf).
GMS lines, in contrast, cannot be used to make hybrids because sterility is not maintained
during inbred development. In an example where male sterility is controlled by recessive alleles,
a male sterile plant, aa, crossed to a near isogenic fertile plant, AA, will produce all fertile
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progeny, Aa. If male sterility was dominant, then a sterile, Bb, crossed to a fertile, bb, would
produce progeny segregating 1 sterile (Bb) : 1 fertile (bb). However, environment-sensitive GMS
(EGMS), discovered in rice is currently used in hybrid production. Photoperiod and temperaturesensitive lines account for approximately 20% of seed production in China (Huang, 2014). In this
breeding system, the female can be inbred during fertility-inducing conditions and crossed to the
fertile male when the environment is conducive to sterility. This method is favoured over the
three line system because only two lines are required and thus it is simple and cost effective.
Also, EGMS hybrid breeding avoids the yield drag associated with CMS in rice (Guohui and
Longping, 2003).
In TKS, male sterility was observed in progeny from two separate crosses.
Characterization of the inheritance governing this phenotype is necessary to assess whether this
germplasm is suitable for hybrid production.
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3 EXPERIMENT 1: BREEDING FOR IMPROVED GERMINATION UNDER WATER STRESS IN
RUSSIAN DANDELION
3.1

Abstract
Russian dandelion (Taraxacum kok-saghyz Rodin) is a promising candidate for

introducing natural rubber production into North America; however, the plant must be
domesticated before it can be cultivated. Germination in Southwestern Ontario is only 10% to
30% due to a lack of adaptation for establishment on bare soil where water stress can occur.
Phenotypic and half-sib family selection were compared for improving germination in a
controlled water stress environment, where seeds were incubated in a polyethylene glycol
solution. After three cycles of half-sib family or phenotypic recurrent selection, percent
germination increased 34.5% and 42.5%, and time to begin germinating decreased 3 and 5 d,
respectively. Gain per cycle for percent germination was 11.6% for phenotypic selection and
14.9% for family selection indicating that the latter is better for improving germination under
water stress. Assessment of the improved populations for germination under field conditions will
be critical for determining the effectiveness of this method for crop improvement.
3.2

Introduction
Russian dandelion (Taraxacum kok-saghyz Rodin; TKS) is a cross-pollinated, self-

incompatible diploid (2n=2x=16) species (Warmke, 1943) that may be grown as a source of
natural rubber in North America. TKS is adapted to Southern Ontario and the northern United
States, however, it requires domestication before it can be cultivated as a new crop.
Dandelion seeds normally germinate and establish in a humid microenvironment
protected from direct sunlight, usually in the thatch layer of lawns and pastures (Martinkova et
al., 2014). The sowing of seeds on bare soil, which is prone to drying, commonly results in 10%
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to 30% germination. Although high rates, >80%, are achieved in greenhouses when establishing
transplants, this form of propagation would not be economical for commercial production.
Consequently, breeding to improve germination under water stress could result in increased
germination and establishment on bare soils and facilitate the domestication of this species.
Studies of germination under water stress in soil can be problematic because consistent
and uniform water potentials are difficult to maintain. The use of an osmoticum in solution can
simulate drought stress and provide repeatable results in combination with growth in controlled
environments (Springer, 2005). Of the numerous osmotica available (e.g. polyethylene glycol
[PEG], mannitol, sucrose, and sodium chloride), PEG has been identified as the most effective
because it is not toxic to the seed and has large molecules excluded from the seed coat pores that
create osmotic pressure outside rather than inside the seed (Oertli, 1985; Hohl and Schopfer,
1991; Verslues et al., 1998).
The use of osmotica for simulating water stress has been demonstrated in many plants
including three dandelion species, T. officinale, T. laevigatum, and T. brevicorniculatum (Luo
and Cardina, 2010). Percent germination of seed exposed to decreasing water potentials from 0
to -0.8 MPa, achieved with PEG, incrementally diminished from 94% to 2%.
Germination patterns of seeds exposed to PEG-induced drought stress are often similar to
those in soil. Percent germination and germination rate in PEG was correlated with field
emergence in sunflower (Helianthus annuus) (Somers et al., 1982) and wheat (Triticum
aestivum) (Thill et al., 1979). However, the rate was much slower in the soil compared to the
PEG solutions; seeds exposed to -0.4 MPa water potential germinated at a rate of 4.5% h-1 in
PEG and 1% h-1 in soil. The increased sensitivity to water stress in soil compared to PEG
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solutions is likely due to low hydraulic conductivity and wetted seed contact area in the soil
(Hadas and Russo, 1974).
The potential for in vitro screening methods to improve germination under water stress
has been demonstrated. Two cycles of phenotypic recurrent selection for sand bluestem
(Andropogon hallii) germination at -0.8 MPa increased germination 16.9% (Springer, 2011;
Springer et al., 2014). Field trials of the improved sand bluestem populations confirmed that
increased germination under artificial water stress was positively correlated with field emergence
and plant establishment (Springer et al., 2012, 2014).
In cross-pollinated crops, phenotypic and family selection are common methods to
improve populations (Allard, 1960). For phenotypic selection, plants are selected based on their
individual phenotypes. When conducting family selection, a group of related plants is selected
based on average performance. Phenotypic selection is considered the most simple and easy
method and allows for large populations to be screened. However, family selection is best for
quantitative traits that are controlled by many genes and highly affected by the environment;
replication allows the effects of the environment to be controlled and increases heritability.
Seed germination under non-stress as well as stress conditions is a quantitative trait,
controlled by many loci (Foolad et al., 2007; Fujino et al., 2008; Hayashi et al., 2008; Wang et
al., 2010; Czyczylo-Mysza et al., 2014). Consequently, family selection may be superior to
phenotypic selection for population improvement. The objectives of this research were to
conduct recurrent selection to improve germination under water stress in Russian dandelion and
compare the effectiveness of phenotypic and half-sib family selection.
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3.3

Materials and Methods
3.3.1 Genetic Materials and Population Formation
All available TKS plant introductions (W6 35156, W6 35159, W6 35160, W6 35162, W6

35164, W6 35165, W6 35166, W6 35168, W6 35169, W6 35170, W6 35172, W6 35173, W6
35176, W6 35177, W6 35178, W6 35179, W6 35180, W6 35181, W6 35182, W6 35183) were
obtained from the Washington State University Regional Plant Introduction Station of the
Agricultural Research Service (Pullman, Washington, United States), a division of the United
States Department of Agriculture and a rapid-flowering population was developed by
intercrossing the first 100 (out of 1000) plants to flower for three cycles. The rapid-flowering
cycle 3 (C3) generation was used as the C0 in this experiment. Two hundred plants were openpollinated and seed was: 1) bulked from 100 plants for phenotypic selection (phenotypic
population), and 2) collected individually from the other 100 plants to form 100 half-sib families
for family selection (family population). All seeds were cleaned prior to germination
experiments. To remove the pappus, seeds were rubbed against a sieve which was then shaken
over an air vent to collect the heavy viable seeds.
3.3.2 Artificial Water Stress
Selection was conducted on seeds germinated under water stress in petri dishes. For the
two methods of selection, described below, 50 seeds were incubated in a 92x16 mm petri dish on
Whatman No. 4 filter paper and 7 mL of polyethylene glycol (PEG) 8000 (Sigma Chemical Co.
St. Louis, MO) solution. Concentration of PEG 8000 required to create a specific osmotic
potential (OP) was calculated using the formula: OP=0.129∙C2∙T–14∙C2–0.4∙C, where
C=concentration (g∙mL-1), and T=temperature (oC) (Michel, 1983). The formula was verified
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with a thermocouple psychrometer (PSY1 Stem Psychrometer; ICT International, Armidale,
NSW, AU) measuring the OP of sample solutions. The OP used for selection was determined
based on preliminary experiments testing the effect of decreasing OP on germination. Seeds were
incubated in a PEG 8000 solution with an OP of -1.6 MPa for the first cycle of selection; OP was
increased to -0.6 MPa for cycle 2 to decrease germination time. In cycle 3, OP was reduced to 0.8 MPa to maintain selection pressure on the improved populations. The fungicide,
tetramethylthiuram disulfide (thiram), was added to the osmotic solutions at a concentration of
1.43 g∙L-1 and petri dishes were wrapped with parafilm to prevent evaporative water loss.
3.3.2.1 Phenotypic Selection
For phenotypic selection, 50 seeds from the phenotypic population were germinated on
each of 20 petri dishes for a total of 1000 seeds; 10 petri dishes were placed in each of two
replicate growth chambers for each cycle of selection. Each replicate growth chamber also
contained eight petri dishes each with 50 seeds of the rapid-flowering base population which
were used as a C0 control to calculate the relative gain from selection at each cycle (Table A.1).
Growth chambers were set to 20 ºC, with a 16 h photoperiod (80 µmol∙m-2∙s-1) provided by coolwhite fluorescent bulbs, and 30% relative humidity. Petri dishes were randomized within each
chamber and seeds were observed daily. Germination was recorded for each seed when radicle
protrusion was observed. The first five individual seedlings to germinate from each plate in each
growth chamber were selected and placed in petri dishes with water for root development. Five
selected seedlings from each of ten plates in each of two replicate chambers resulted in 100
selected plants (selection intensity=10%). Seedlings were planted 14 d later into 50-cell plug
trays filled with Sunshine Mix #1 soil (Sun Gro Horticulture, Vancouver, BC, CA) and then 30 d
later, transplanted into 12.7 cm-diameter pots. All plants were grown in a greenhouse set to
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21/18

o

C with a 16 h photoperiod, produced by high pressure sodium lamps with a

photosynthetic photon flux density of 50–70 µmol∙m-2∙s-2 to supplement natural light, and
fertigated on alternate weeks with 20N–3.5P–16.6K at a concentration of 1.5 g∙L-1. Once the
plants began flowering, they were placed inside polyethylene fabric isolation cages (Econet T;
Gintec Shade Technologies, Inc, Vanessa, ON, CA) and open-pollinated with bumblebees
(Bombus impatiens; Biobest Canada Ltd., Leamington, ON, CA). An equal amount of seed from
each plant was bulked to create the C1-phenotypic population for the next cycle of selection. The
process was repeated to generate C2-phenotypic and C3-phenotypic generations.
3.3.2.2 Family Selection
For family selection, 50 seeds from each of 100 half-sib families of the family population
were incubated in each of four replicate petri dishes and two petri dishes were placed in each of
two growth chambers. Seedlings were selected when approximately 10 families had 5%
germination in each of the four replicate petri dishes. The first 10 families that reached 5%
germination, or if many families reached 5% germination simultaneously, those which had the
highest percent germination, were selected. Within the 10 selected families, seedlings for the first
two to three seeds from each petri dish to germinate were selected for a total of ten seedlings
from each family (100 seedlings total). These plants were transferred to petri dishes with water,
then transplanted, and open-pollinated, as described above. Seed was collected from each plant,
individually, to produce the half-sib families constituting the C1-family population for the next
cycle of selection. The process was repeated to generate C2-family and C3-family generations.
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3.3.3 Response Evaluation
Seven populations (C0, C1–C3-phenotypic, and C1–C3-family) were evaluated
simultaneously to estimate selection gain precisely. Seeds of all populations were regenerated to
eliminate seed age as a factor affecting germination. Each population was produced by
intercrossing 200 random plants in polyethylene fabric isolation cages; seed was produced for all
populations simultaneously on separate benches within the same greenhouse to eliminate bias.
To determine the effect of selection on seed mass, 100-seed weight was measured and averaged
over four replicate subsamples for each population. Seeds from the seven populations were
germinated on petri dishes in each of two water treatments: 1) 7 mL water (ddH2O) with 0 MPa
OP, or 2) 7 mL water with -1.0 MPa OP achieved with the addition of PEG 8000. Treatments
with PEG 8000 also contained 1.43 g∙L-1 of thiram. For each population incubated in water and
PEG 8000, one and four replicate petri dishes, respectively, each containing 50 seeds, were
incubated within each of four replicate growth chambers with the same conditions as described
previously. All petri dishes were randomized daily within each growth chamber. Germination
was observed daily, and percent germination was calculated for PEG 8000 and water treatments
after 14 d for each treatment replicate. The experiment was repeated independently.
3.3.4 Data Collection and Statistical Analysis
Statistical analyses were performed using SAS version 9.2 (SAS Institute, Inc. Cary,
NC). The normality of error was tested using the Shapiro-Wilk statistic. Percent germination was
transformed using the equations: y = log(x+10) for ANOVA and y=arcsine(√(x/100)) for
regression analysis. Populations germinated in water did not differ; consequently, an ANOVA
was conducted comparing the seven populations germinated at -1.0 MPa and the C0 population
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germinated in water. PROC MIXED was used to generate ANOVAs and least square means
were separated using Tukey’s test. PROC REG was used with transformed data to estimate gain
per cycle, or the slope from the regression line, for each method of selection. Student’s t-test was
used to determine if the slopes for the two selection methods were significantly different. Nontransformed slope values are reported for interpretation. Significance for all analyses was
determined at P ≤ 0.05.
3.4

Results
The ANOVA indicated that the effect of population was significant for percent

germination (P < 0.001). The effects of replicate experiments and its interaction with population
were not significant (Table A.2), therefore the data were pooled across experiments. Percent
germination for the C0 population after 14 d at 0 MPa was 98%, and greater than values observed
for all populations germinated at -1.0 MPa (Figure 3.1). Both phenotypic and family selection
under water stress increased percent germination over three cycles. Although the C0, C1-family,
and C1-phenotypic populations did not differ, averaging 5.5% germination, both C2 populations
had greater germination than their respective C1 and C0 populations. Percent germination for the
C2-family (30%) was twice that for the C2-phenotypic population (15%). The highest
germination was observed in the C3, the phenotypic and family populations had 40% and 48%
germination, respectively, but values were not significantly different.
Regression analyses indicated a relationship between selection cycle and percent
germination after 14 d at -1.0 MPa for the phenotypic and family populations (P < 0.0001). The
average increase in percent germination per cycle, or the slope of the regression, was 14.9% and
11.6% for the family and phenotypic populations, respectively (P < 0.05). These slopes were
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Figure 3.1 Percent germination in Russian dandelion (Taraxacum kok-saghyz Rodin)
populations, Cycle 0 (C0) –C3, after 14 d at -1.0 MPa, in a polyethylene glycol 8000 solution and
in the C0 after 14 d at 0 MPa, in ddH2O. Populations were subjected to three cycles of selection
for germination under water stress using phenotypic selection or half-sib family selection. An
ANOVA and Tukey’s mean comparison were performed on transformed data y = log(x+10).
Means of non-transformed data (n=32, C0–C3 at -1.0 MPa; n=8, C0 at 0 MPa) are presented;
different letters indicate significant differences (P ≤ 0.05).
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significantly different (t-test P < 0.05), suggesting that family selection may be better than
phenotypic selection to improve germination under water stress.
One-hundred seed weight of the C0 was 41 mg, which was lower than those for all other
populations (except the C2-phenotypic) (Figure 3.2). Seeds from the family populations were
heaviest, 47 to 50 mg, but values decreased as selection cycles progressed. One-hundred seed
weights of the phenotypic populations were intermediate ranging from 42–45 mg.
Patterns of seed germination in water over 5 d differed between populations (Figure
3.3A). After 2 d, the C0 and C1-family populations had 18.5% and 11.0% germination,
respectively, which was lower than values for all other populations. The C2-family and C1–C3phenotypic populations had between 30% and 50% germination, while C3-family had the
greatest level, 84.8%. By the fourth day, all populations had over 95% germination and no
increase was observed after 5 d in water.
Seeds incubated in PEG 8000, at -1.0 MPa, germinated more slowly than those in water,
but similar trends were observed among populations (Figure 3.3B). The C3-family population
had the earliest and most rapid germination compared to the other populations; seeds began
germinating after 3 d. The C3-phenotypic population began germinating after 5 d, followed by
the C2-family and then the C2-phenotypic population. The C0, C1-phenotypic, and C1-family
populations were the last to initiate germination, beginning after 8 d.
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Figure 3.2 One-hundred seed weight of Russian dandelion (Taraxacum kok-saghyz Rodin)
populations, cycle 0 (C0)–C3, subjected to three cycles of selection for germination under water
stress using phenotypic selection or half-sib family selection. Means (n=4) are presented ±
standard error.
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3.5

Discussion
Field germination under water stress in Russian dandelion requires improvement for

species domestication. This study used both phenotypic and half-sib family recurrent selection to
increase percent germination and reduce time to germinate under water stress. Percent
germination after 14 d in PEG 8000, at -1.0 MPa, increased from 5.5% to 40% and 48% after
three cycles of phenotypic and half-sib family selection, respectively. Selection also decreased
time to initiate germination under water stress; the C3-family population had the best response,
germinating after 3 d, compared to 8d for the C0. Germination was also improved in seeds
incubated at 0 MPa where the C3-family population also had the best germination after 2 d.
Overall, both phenotypic and family selection can be used to improve germination under water
stress, but the latter can give the best results.
Similar physiological mechanisms may be influencing germination under both nonstressed and water-stressed conditions because selection for germination only under water stress
had a positive effect on germination under both conditions. In pure water, the C 3-family
population had over 80% germination after 2 d, while the C0 had only 20%. These results are
consistent with those of Foolad et al. (2007), where common quantitative trait loci for rapid
germination were identified in a variety of environments (non-stress, salt, cold, and water stress).
Family selection was better than phenotypic selection for improving percent germination;
average gains per cycle were 14.9% and 11.6%, respectively. However, there was no difference
in percent germination between the C3-phenotypic and C3-family populations. Genetic gain from
the C2-family to the C3-family population was likely reduced because of experimental error.
During selection of the C2, seeds of the family population were accidentally hydrated before
exposure to the PEG 8000 solution, resulting in rapid germination under water stress and loss of
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precision for detecting the best families. Thus, percent germination in the C3- family population
could have been greater than the observed 48%.
The difference in gain per cycle observed between family and phenotypic selection could
be a result of selection intensity rather than selection method. Selection occurred among as well
as within half-sib families resulting in a final selection intensity lower than 10% which might
have been the cause for the greater gain per cycle observed in family compared to phenotypic
selection.
Conflicting results on the relationship between seed weight and germination have been
reported; both positive and negative correlations were observed (Venable and Brown, 1988;
Rees, 1994; Nordon et al., 2008). Consistent with Springer (2011) and Springer et al. (2014), the
results of this study showed that seeds of the selected populations were heavier than those of the
unselected base population. The half-sib family populations had the heaviest seeds overall,
however, 100-seed weight appeared to decrease as percent germination increased over the
selection cycles. Consequently, seed weight would not be a good indirect selection measure to
improve germination under water stress.
Percent germination and seed weight are greatly influenced by environmental conditions
and plant health during seed production (Vieira et al., 1992; Sinniah et al., 1998). In this
experiment, seed for all populations compared simultaneously under water stress were
regenerated together in one greenhouse so that they were of identical age and derived from
mother plants grown under similar conditions to eliminate bias. Because seed for each population
was derived from one set of plants, rather than independently replicated groups, some of the
variation observed in this experiment could result from microenvironment effects experienced by
the mother plants of each population in the greenhouse. All plants appeared to be of equal health
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among populations and the effects of seed production environment on 100-seed weight and
percent germination were likely minor in comparison to the effect of selection.
The genetic advances in percent germination and germination time under artificial water
stress achieved by selection in PEG require validation through field emergence trials. Two cycles
of phenotypic recurrent selection of sand bluestem seeds incubated in D-mannitol (-0.8 MPa) for
14 d increased percent germination 79%, relative to the base population, (Springer, 2011;
Springer et al., 2014), however, field emergence increased 16.4%, or approximately one-fifth of
the gain observed in vitro under water stress (Springer et al., 2012, 2014). In TKS, an
approximate 7-fold increase was observed in the C3 populations in vitro; if the response to field
trials is similar to that in vitro, then field emergence in the C3 populations is expected to increase
1.5-fold, relative to the C0.
3.6

Conclusion
Three cycles of recurrent selection for germination under PEG-induced drought stress

increased percent germination 34.5% to 42.5% and reduced the time to begin germination by 3−5
d in seeds incubated at -1.0 MPa. Gains per cycle were higher in half-sib family compared to
those for phenotypic selection; percent germination after 14 d at -1.0 MPa increased an average
of 14.9% and 11.6% per cycle, respectively. Evaluation of field emergence will determine
whether genetic improvement in vitro will result in improved germination in the field.
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4 EXPERIMENT 2: INHERITANCE OF FLOWERING HABIT IN RUSSIAN DANDELION
4.1

Abstract
Russian dandelion (Taraxacum kok-saghyz Rodin; TKS) is a latex-producing, temperate

species that has the potential to be grown as a source of natural rubber in North America.
Flowering habit varies within dandelion germplasm; winter-type plants require a cold period
(vernalization) to flower while spring-type plants flower without vernalization. Because
flowering habit is correlated with rubber yield, understanding the genetic factors governing the
trait would be useful for breeding. The objectives of this research were to determine the
inheritance of vernalization-requirement in TKS. Winter-type and spring-type plants were
intercrossed to create the F1, F2, and backcross generations and progeny segregation ratios were
analyzed. A genetic model with three major genes is proposed, where a dominant allele at locus,
A, in combination with homozygous recessive alleles at either or both of two duplicate loci, B
and C, confers winter-type, while spring type is conferred by homozygous recessive alleles at A,
or dominant alleles at both B and C.
4.2

Introduction
Russian dandelion (Taraxacum kok-saghyz Rodin; TKS) is an herbaceous perennial that

can also be grown as an annual. Latex can be found in the root, in specialized cells called
lactifers (Whaley and Bowen, 1947) and this species could be a source of natural rubber,
essential for the fabrication of over 40,000 products vital to industries including transportation,
healthcare, and construction (Mooibroek and Cornish, 2000). TKS grows well in Southern
Ontario and the northern United States, and it is currently under development as a new crop to
introduce natural rubber production to these regions (van Beilen and Poirier, 2007).
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The transition from vegetative to reproductive development in plants is cued by
endogenous, as well as environmental signals, such as photoperiod and temperature (Thomas et
al., 2006). TKS can require a period of cool temperatures, known as vernalization, to induce
flowering (Borthwick et al., 1943). This is common in temperate perennials because it
encourages flowering following a period of overwintering, during the favourable conditions of
spring (Andres and Coupland, 2012). Natural variation for flowering habit is observed in species
that have adapted to a range of environments (Gazzani et al., 2003) and consequently,
segregation of plants with and without the vernalization-requirement is observed within TKS
germplasm. Early flowering, spring-type, plants do not respond to vernalization and flower
approximately 50 d after planting. Winter-type plants, in contrast, grow vegatatively and often
will not flower without a cold period.
The vernalization pathway has been studied extensively in the model plant, Arabidopsis
thaliana. In this species, two major loci determine flowering habit: FLOWERING LOCUS C
(FLC) and FRIGIDA (FRI) (Koorneef et al., 1994). FRI encodes a protein with two coiled-coil
domains which upregulates the expression of the floral repressor, FLC (Johanson et al., 2000).
FLC encodes a MADS-box transcription factor that inhibits expression of genes responsible for
reproductive development through repression of FLOWERING LOCUS T (FT) (Searle et al.,
2006). Vernalization upregulates VERNALIZATION INSENSITIVE 3 (VIN3) transcription which
initiates suppression of FLC (Sung and Amasino, 2004). Following the cold period, stable
repression of FLC is maintained through epigenetic silencing mediated by components of the
POLYCOMB REPRESSIVE COMPLEX 2 (De Lucia et al., 2008). Winter-type plants carry
dominant functional alleles at these two loci, and recessive, inactive fri and/or flc alleles are
found in early flowering accessions (Johanson et al., 2000; Gendall and Simpson, 2006).
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The FLC/FRI vernalization pathway is conserved throughout many species; FLC-like
genes have been identified in Poncirus trifoliate (Zhang et al., 2009), beet (Reeves et al., 2007),
and many Brassicas (Schranz et al., 2002), and FRI orthologues have been discovered in
Brassicas (Kuittinen et al., 2008; Irwin et al., 2012), Medicago truncatula, and Lotus japonicus
(Risk et al., 2010).
The vernalization-requirement in temperate cereals, including wheat, barley, and rye,
however, evolved independently of that in A. thaliana, and is primarily controlled by three
genes: VERNALIZATION 1 (VRN1) (Yan et al., 2003), VRN2 (Yan et al., 2004), and VRN3.
Similar to FLC, VRN2 encodes a floral repressor of an FT orthologue, VRN3 (Yan et al., 2006).
Cold temperatures attenuate repression through upregulation of VRN1 (Oliver et al., 2013).
Following vernalization, VRN3 further induces expression of VRN1 which also acts as a floral
integrator gene giving the plant competency to respond to the signals that promote flowering,
such as photoperiod. Spring-type plants possess recessive null mutations at the VRN2 locus (Yan
et al., 2004) or dominant mutations in the promoter regions of VRN1 or VRN3 which causes high
expression regardless of environmental conditions (Yan et al., 2006).
Flowering habit is an important trait in TKS breeding because winter-type plants have
higher rubber yields than spring-type plants (Whaley and Bowen, 1947). Therefore, populations
under development for high rubber are also selected for vernalization-requirement and thus it
would be useful to understand the inheritance of the trait. Based on the genetic pathways
identified in A. thaliana and the cereals, it is expected that there are multiple interacting loci
influencing flowering habit in TKS.
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The objectives of this research were to determine the number of major genes controlling
the vernalization-requirement in TKS, dominance relationships at individual loci and inter-locus
interactions.
4.3

Materials and Methods

4.3.1 Genetic Materials and Analysis
The plant introductions listed in Chapter 3 were used in this experiment. One-hundred
seeds from each accession were planted and 100 plants with the highest rubber-content were
intercrossed to create a high-rubber base population which segregated for vernalizationrequirement. Five winter-type (W) plants, requiring vernalization, were selected randomly from
this population to reciprocally cross with five spring-type (S) plants, not requiring vernalization,
from the rapid-flowering C3 population, described in chapter 3, to create the first generation for
analysis. Reciprocal crosses were also performed within each group of plants (W and S). For all
crosses, progeny from each parent were observed every 1–2 d and flowering time was recorded
when all florets on the first flower head were open. Plants were observed for 20 wk and two
phenotypes were detected: flowering before (spring-type) and after (winter-type) 90 d of growth.
Half of the winter-type plants from each cross were placed at 4 oC for 6 wk and then observed
for flowering in the greenhouse to confirm vernalization response. Each of these plants flowered
within 30 d of removal from the cold, proving that flowering could be induced by vernalization.
The remaining plants were grown in the greenhouse for further observation. Approximately 15%
of these plants flowered at times ranging from 90 to 180 d of growth. Crosses were performed
between and within the two phenotypic classes and full-sib families to produce the F2.
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Backcrosses were also performed between the original parents and spring and winter-type F1
progeny.
4.3.2 Growth and Culture
For each generation of genetic analysis, seeds were germinated in petri dishes with
moistened filter paper. F1 and F2 seedlings were transplanted into 50-cell plug trays on 8 Oct.
2013 and 9 Apr. 2014, respectively, and then repotted 30 d later into 12.7-cm-diameter pots
filled with peat-based medium (Sunshine LC1, Sun Gro Horticulture Inc., Vancouver, BC). All
plants were grown in a greenhouse with photoperiod, lighting, and fertigation as described in
Chapter 3. Air temperature was maintained at 21/18 oC (day/night) during evaluation of the F1
but rose to 24/20 oC during the F2 evaluation due to high ambient temperature.
4.3.3 Crossing Methods
Plants were bagged individually with open-ended 33.0 x 40.7 cm polypropylene microperforated bags (Elkay Plastic Co., Inc., Los Angeles, CA). Tops of bags were open to reduce
condensation which caused buds to rot. Pollination was accomplished by rubbing flower heads
(capitula) together. No action was taken to prevent self-pollination because Russian dandelion is
self-incompatible. However, unpollinated capitula of bagged plants were observed to ensure selfpollination was not occurring or greenhouse insects were not affecting pollination.
4.3.4 Statistical Analyses
Phenotypic ratios of F1 progeny from each of the two parents for each reciprocal cross
were determined to be homogeneous or heterogeneous with chi-square heterogeneity tests
(Bowley, 2008). Two of 17 reciprocal crosses were heterogeneous with phenotypic ratios of 1:3
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and 3:1, and 7:1 and 1:1 (data not shown), so they were not pursued further. All other F1 as well
as F2 and backcross (BC1) progeny reciprocal crosses were determined homogeneous so the
phenotypic data from the two parents in each cross were pooled together. Observed and expected
segregation ratios were compared using the Pearson goodness of fit test, estimated with the
PROC FREQ procedure in SAS version 9.2 (SAS Institute Inc., Cary, NC, USA). Since there
were two phenotypic classes, the chi-square analysis was adjusted with Yate’s correction for
continuity (Bowley, 2008). Significance was determined at P ≤ 0.05.
4.4

Results
Crosses between spring and winter phenotypes produced mostly spring-type progeny

(Table 4.1, crosses 1−5), suggesting dominance for early flowering. Among the five crosses, 783
spring-type and 20 winter-type plants were observed. Intercrossing the spring-type parents
produced only spring-type progeny (cross 6). If only one major gene determined the
vernalization-requirement, where spring-type (AA or Aa) is dominant to winter-type (aa), then
only winter-type (aa) would be expected in winter-type (aa) x winter-type (aa) crosses; however,
this was not observed (crosses 7−9), suggesting the genetic control of flowering type involves
more than one gene.
Winter-type x winter-type crosses segregated 1 spring-type : 1 winter-type (crosses 7 and
8, P ≥ 0.18) or 1:0 (cross 9) (Table 4.1). A two-gene model with epistasis could explain these
segregation patterns, where a homozygous recessive genotype at either of two duplicate loci B
and C conferred the vernalization-requirement. Winter-type would have the genotypes, bbCC,
bbCc, BBcc, Bbcc, or bbcc and spring-type would be BBCC, BbCC, BBCc, or BbCc. If one
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Table 4.1 Genetic analysis of F1 progeny from crosses among spring-type (S) and winter-type
(W) Russian dandelion (Taraxacum kok-saghyz Rodin) plants.
Cross
z
Suggested Model
no.
aaBBCC or AaBBCC x AabbCc
1
=A-BbC-, aaBbC-

Crossx
S-1
x W-1

Segregation ratio
(S:W)
Observedy Expected
156:1
1:0

X2w
−

P-value
−

aaBBCC x AaBBcc
=AaBBCc, aaBBCc

2

S-2

X

W-2

206:5

1:0

−

−

aaBBCC or AABBCC x AAbbCc
=AaBbC- or AABbC-

3

S-3

X

W-3

93:4

1:0

−

−

aaBBCc x AabbCC
=AaBbC-, aaBbC-

4

S-4v

X

W-4

144:0

1:0

−

−

aaBBCC x AaBBcc
=AaBBCc, aaBBCc

5

S-5u

X

W-5

184:10

1:0

−

−

aaBBC- x aaBBCC
=aaBBCc, aaBBCC

6t

S

X

S

331:0

1:0

−

−

AabbCc x AaBbcc
=7A-B-C-, aa---- : 9A-bb--, A---cc

7

W-1

X

W-6

34:47

7:9
/1:1s

0.04
/1.78

0.83
/0.18

AAbbCc x AaBBcc
=1 A-BbCc : 1 A-Bbcc

8

W-3

X

W-2

65:58

1:1

0.29

0.59

AabbCC x AaBBcc
=AABbCc, AaBbCc, aaBbCc

9

W-4

X

W-5

94:7

1:0

−

−

z

Genotypes proposed based on observed segregation ratios in F1, F2, and backcross progeny;
winter-type plants have genotypes: A-bbC-, A-B-cc, and A-bbcc and spring-type plants have
genotypes: A-B-C- and aa----.
y

For all crosses, seed was collected from both parents and analyzed as two seperate populations
which were then pooled together after they were determined homogeneous by chi-square
heterogeneity tests. Pooled results are shown.
x

Observed segregation ratios were compared to expected ratios using the chi-square statistic
adjusted with Yate’s correction for continuity.
w

Letter preceding hyphen corresponds to phenotype; S, for spring-type and W, for winter-type.
Number following hyphen is the individual plant identifier.
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v

S-4 can have the following genotypes: : aaBBcc, aaBBCc, aaBBCC, AaBBCc, AaBBCC,
AABBCc, and AABBCC.
u

S-5 can have the following genotypes: aaBBCC, aaBbCC, AaBBCC, AaBbCC, AABBCC, and
AABbCC.
t

S-1 to S-5 were intercrossed; all four crosses were pooled together.

s

Cross 7 also fits 1:1 ratio which can be explained by a two gene model where a homozygous
recessive genotype at either of two duplicate loci B and C conferred the vernalizationrequirement; bbCC (W-1) x Bbcc (W-6) = 1 spring-type (BbCc) : 1 winter-type (bbCc).
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parent for crosses 7 and 8 (W-1 or W-5), was bbCC and the other parent (W-3 or W-6) was
Bbcc, then 1 spring-type (BbCc) : 1 winter-type (bbCc) segregation would be observed. For
cross 9, bbCC x BBcc (both winter types) would yield all spring progeny (BbCc); the small
number of observed winter types from this cross were considered to be segregants of additional
minor genes and a ratio of 1:0 was assumed for the major segregating loci.
This two gene model, B and C loci, was insufficient, however, to explain segregation
patterns observed when progeny from winter-type x winter-type crosses were backcrossed to one
of the parents. For example, backcrossing spring-type progeny from cross 7, predicted to be
BbCc, with the W-1 parent, predicted to be bbCC or Bbcc, resulted in segregation, 18:7 and
42:19, which does not fit the expectation of 1 spring-type (BbCc, BbCC) : 1 winter-type (bbCC,
bbCc) for BbCc x bbCC or 3 spring-type (BbCc, BBCc) : 5 winter-type (Bbcc, BBcc, bbCc, bbcc)
for BbCc x Bbcc (P < 0.05). All other two gene models with different interlocus interactions and
dominance relationships were tested with the data and each one was disproved. Considering all
the results from crosses 1−9 (Table 4.1), vernalization-requirement is likely explained by a
complex model involving more than two major genes.
Three-gene models were tested to explain the segregation patterns observed among three
generations of crosses and one model could explain all the data (Table 4.2). Spring-type and
winter-type flowering may be controlled by three interacting loci A, B, and C where a dominant
allele at locus A in combination with a homozygous recessive genotype at either or both of two
duplicate loci, B or C, determines winter-type (e.g. A-bbC-, A-B-cc, and A-bbcc) and spring-type
plants lack a dominant allele at A (e.g. aa----) or have a dominant allele at all three loci, A, B,
and C (e.g. A-B-C-). To test this model, genotypes were proposed for each of the plants used in
crosses based on progeny segregation observed throughout each generation.
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Table 4.2 Flowering habit in Russian dandelion (Taraxacum kok-saghyz Rodin) is determined
by the interaction of three genes A, B, and C where a dominant A allele in combination with a
homozygous recessive genotype at B or C confers winter-type (W) and recessive alleles at A or a
dominant allele at B and C confers spring-type (S).

AA

Aa

aa

BB
S
S
W
S
S
W
S
S
S

Bb
S
S
W
S
S
W
S
S
S
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bb
W
W
W
W
W
W
S
S
S

CC
Cc
cc
CC
Cc
cc
CC
Cc
cc

Winter-type plants, W-1 and W-6 (Table 4.1, cross 7) were assigned the genotypes,
AabbCc and AaBbcc, respectively to account for the progeny segregating 7 spring-type (A-B-Cand aa----) : 9 winter-type (A-bb-- and A---cc). Crosses among progeny from cross 7 were not
successful likely due to shared self-incompatibility alleles. However, backcrosses performed
between progeny and parents provided evidence for the proposed parental genotypes (Table 4.3,
crosses 10−12). Progeny from backcrossing two spring-type plants from cross 7 to parent W-1
(AabbCc) segregated 11 spring-type (AaBbC- and aa----) : 5 winter-type (Aabb-- and AaBbcc)
(crosses 10 and 11), suggesting the two spring-type plants used as parents were the aaBbCc
genotype. Backcrossing a winter-type plant, 7-24, to W-6 (AaBbcc) resulted in 1:3 segregation
(cross 12); 7-24 was assigned the genotype AaBbcc whereby progeny segregated 1 aa--cc : 3 A--cc.
Crossing the winter type W-1plant with the spring-type S-1 plant resulted in 156 springtype and one winter-type progeny; the one winter-type plant was assumed to result from minor
background genes segregating, and a ratio of 1:0 was used for the proposed three-gene model
(Table 4.1, cross 1). Based on the previous crosses, W-1 was assigned the genotype AabbCc,
therefore, S-1 could be AABBCC, AaBBCC, or aaBBCC in order to produce only spring-type
progeny. Intercrossing spring-type plants from W-1 x S-1 produced all spring-type progeny, as
well (Table 4.3, crosses 13 and 14), which eliminates AABBCC as an option for S-1 because
AabbCc (W-1) x AABBCC produces plants carrying a dominant allele at A and heterozygous at
B, A-BbC-; intercrossing these (A-BbC- x A-BbC-) would produce one-quarter of the progeny
with the late-flowering phenotype, A-bb--, which was not observed. For the remaining two
genotypes possible for S-1, AaBBCC and aaBBCC, all spring-type progeny with genotypes
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Table 4.3 Genetic analysis of the F2 and backcross (BC1) generations from crosses among
spring-type (S) and winter-type (W) Russian dandelion (Taraxacum kok-saghyz Rodin) plants.
Cross
z
Suggested Model
no.
aaBbCc x AabbCc
10
=11 AaBbC-, aa---- : 5 Aabb--,
11
AaBbcc

Segregation ratio
(S:W)
y
Cross
Observedx Expected
7-80 S x W-1
18:7
11:5
7-13 S x W-1
42:19

X2w
0.02
0.00

P-value
0.89
1.00

AaBbcc x AaBbcc
=1 aa—cc : 3 A---cc

12

7-24 W

x

aaBbCC x aaBbCC
=aa—CC

13
14

1-79 S
1-4 S

AaBbCC x aaBbCC
=7 A---CC, aa--CC : 1 AabbCC

15v

AaBbCc x AaBBcc
= 5 A-B-C-, aaB--- : 3 A-B-cc

9:33

1:3

0.13

0.72

x 1-3 S
x 1-52 S

72:2
20:0

1:0

−
−

−
−

1-63 S

x 1-65 S

18:1

7:1

0.37

0.54

16

8-19 S

x

87:53

5:3

0.00

1.00

aabbCc x AaBbCc
=11 AaBbC-, aa---- : 5 Aabb--,
AaBbcc

17

7-31 S

x 8-12 S

46:21

11:5

0.00

1.00

AABbcc x AaBbCc
=3 A-B-C- : 5 A-bbC-, A-B-cc

18

7-11 W

x 8-12 S

38:60

3:5

0.02

0.88

AABbcc x AabbCc
=1 A-B-C- : 3 A-B-cc, A-bbCc

19

7-11 W

x 8-32 W

18:61

1:3

0.02

0.88

AaBbcc x AABbCc
=3 A-B-Cc : 5 A-bb--, A-B-cc

20

7-9 W

x 8-21 S

31:54

3:5

0.01

0.93

AaBBCc x aaBBCc
=7 AaBBC-, aaBB-- : 1 AaBBcc

21
22
23

2-96 S
2-80 S
2-80 S

x 2-61 S
x 2-86 S
x 2-73 S

36:3
35:5
26:3

7:1

0.44
0.00
0.01

0.51
1.0
0.94

AaBBCc x AaBBCc
=13 A-BBC-, aaBB-- : 3 A-BBcc

24

2-78 S

x 2-72 S

44:13

13:3

0.38

0.54

aaBBCc x aaBBCc
=aaBB--

25
26

2-2 S
2-86 S

x 2-75 S
x 2-94 S

19:0
18:0

1:0

−
−

−
−
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W-6

W-2

AaBBCc or aaBBCc x aaBBCC
=A-BBC-, aaBBC- or aaBBC-

27
28
29

2-11 S
2-78 S
2-1 S

x
x
x

S-2
S-2
S-2

40:0
58:0
17:0

1:0

−
−
−

−
−
−

aaBBCc x AaBBcc
=3 AaBBCc, aa-bCC : 1 AaBBcc

30

2-43 S

x

W-2

17:3

3:1

0.68

0.41

AaBbCc x aaBbCc
=25 AaB-C-, aa---- : 7 Aabb--,
Aa—cc

31

9-2 S

x

9-3 S

53:11

25:7

0.57

0.45

AaBbCC x AaBbCC
=13 A-B-CC : 3 A-bbCC

32

4-66 S

x 4-18 S

58:12

13:3

0.13

0.72

aaBbCc x aaBbCc, aaBbCC
=aa--Cx aaBbCC,
or aaBbCC x
aaBbCc

33

4-31 S

x 4-48 S

157:0

1:0
−

−

AaBBCc x AaBBCc
=13 A-BBC- : 3 A-BBcc

34
35

0.01
0.01

0.97
0.91

5-62 S
5-4 S

x 5-25 S
x 5-2 S

16:3
61:13

13:3

z

Genotypes proposed based on parental genotype, phenotype, and observed segregation ratios;
winter-type plants have genotypes: A-bbC-, A-B-cc, and A-bbcc and spring-type plants have
genotypes: A-B-C- and aa----.
y

Number preceding hyphen corresponds to cross no. from which the plant originated and number
following hyphen is the individual plant identifier.
x

For some crosses, seed was collected from both parents and analyzed as two seperate
populations which were then pooled together after they were determined homogeneous by chisquare heterogeneity tests. Pooled results are shown.
w

Observed segregation ratios were compared to expected ratios using the chi-square statistic
adjusted with Yate’s correction for continuity.
v

Cross 15 also fits a 1:0 ratio; parental genotypes would be the same as in crosses 13 and 14.
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A-BbC- and aaBbC- would be produced when S-1 is crossed with W-1 (AabbCc) (Table 4.1,
cross 1). Crossing two aaBbC- progeny from cross 1 would explain the recovery of only springtype progeny in crosses 13 and 14 (Table 4.3). Therefore, either genotype, aaBBCC or AaBBCC,
could be assigned to S-1 (Table 4.1, cross 1). Another cross between progeny from cross 1
(Table 4.3, cross 15) had a small sample size, so either a 1:0 or 7:1 ratio could fit the data. For a
7:1 ratio the two parents would have genotypes AaBbCC and aaBbCC producing 7 spring-type
plants with genotypes, A-B-CC and aa--CC, and one l winter-type, AabbCC, plant. To produce
all spring-type progeny (aa--CC), the parents would both have the aaBbCC genotype (as shown
in crosses 13 and 14).
Crosses between two winter-type plants and among their progeny validated the proposed
model. Progeny segregated 1:1 when two winter-types, W-3 and W-2, were intercrossed (Table
4.1, cross 8). The genotypes AAbbCc and AaBBcc were assigned to W-3 and W-2, respectively,
which would produce 1 spring-type (AABbCc and AaBbCc): 1 winter-type (AABbcc and
AaBbcc). When backcrossing a spring-type progeny (plant 8-19) to the W-2 parent, offspring
segregated 5 spring-type : 3 winter-type (Table 4.3, cross 16) which could result from a AaBbCc
x AaBBcc (W-2) cross. Therefore, 8-19 was assigned the genotype, AaBbCc.
Intercrossing progeny from cross 8 was not successful due to shared self-incompatibility
alleles; therefore crosses were made among the progeny from crosses 7 and 8 (Table 4.1).
Crosses 7 and 8 produced offspring with 12 and 4 possible genotypes, respectively, and specific
genotypes were assigned to the parents used in crosses 17−20 according to observed segregation
ratios of the progeny (Table 4.3). Progeny from intercrossing two spring-type plants, 7-31 and 812 (cross 17) segregated 11:5 suggesting the parents were aabbCc and AaBbCc, respectively.
Plant 8-12 was also crossed to a winter-type plant, 7-11, and produced a 3:5 ratio in the progeny,
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which can be explained by crossing AABbcc (7-11) and AaBbCc (8-12) genotypes (cross 18).
Thus, the proposed genotype for 8-12 was validated in two crosses and 7-11 could be AABbcc.
Crossing 7-11 with winter-type plant, 8-32, produced 1:3 segregation, which can be explained by
a AABbcc (7-11) x AabbCc (8-32) cross (cross 19). A cross between winter-type plant, 7-9, and
spring-type plant, 8-21, showed progeny segregating 3:5, and can be explained by parents with
genotypes AaBbcc and AABbCc (cross 20).
For crosses between spring-type and winter-type plants (Table 4.1: S-2 x W-2, cross 2; S3 x W-3, cross 3) mostly spring-type plants were recovered and the few winter types were
attributed to segregation at minor loci that did not include the A, B, and C loci of the proposed
model; thus segregation was classified as 1:0. Based on the proposed genotypes for W-2
(AaBBcc) and W-3 (AAbbCc), S-2 and S-3 could be assigned the genotypes aaBBCC or
AABBCC. Progeny therefore could be all spring-type: AaBBCc and aaBBCc for the S-2
(aaBBCC) x W-2 (cross 2); AaBbCC and AaBbCc for the S-3 (aaBBCC) x W-3 (cross 3);
AABBCc and AaBBCc for S-2 (AABBCC) x W-2 (cross 2, genotypes not shown); or AABbCC
and AABbCc for S-3 (AABBCC) x W-3 (cross 3). Based on crosses between progeny from cross
2, the genotype, aaBBCC, was assigned to S-2 (cross 2). Progeny from cross 3 were not used in
additional crosses so the exact genotype could not be defined.
Two progeny genotypes, AaBBCc and aaBBCc, were predicted for cross 2 (aaBBCC x
AaBBcc). Intercrossing 10 plants which included these genotypes produced the expected
segregation ratios of 7:1, 13:3, and 1:0 (Table 4.3, crosses 21−26). Certain plants, 2-80 and 2-86,
were used in two distinct crosses, and assigned genotypes which were further validated (crosses
22, 23, and 26).
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Backcrosses between spring-type progeny from cross 2 and the parents, S-2 and W-2,
provided further evidence for the model (Table 4.3). Crosses 27−29 produced all spring-type
progeny which would occur by crossing either of the predicted cross 2 progeny genotypes,
AaBBCc or aaBBCc, with S-2, aaBBCC. The observed 3:1 segregation in cross 30 can result
from crossing aaBBCc (2-43) with AaBBcc (W-2).
Crossing two winter-type plants (W-4 x W-5) produced progeny segregating 94 springand 7 winter-type progeny (Table 4.1, cross 9); the winter-type progeny are presumed to be
caused by segregating minor genes that do not include A, B, and C of the proposed three-gene
model and segregation of 1:0 is assumed. Recovery of only spring-type progeny from a wintertype x winter-type cross could be explained by the following parental genotypes: AAbbCC x
AABBcc, AAbbCC x AaBBcc, or AabbCC x AaBBcc. Intercrossing progeny from cross 9 resulted
in 25:7 segregation (Table 4.3, cross 31) which could be explained by crossing plants that are
AaBbCc and aaBbCc. Consequently, the W-4 and W-5 parents are assigned AabbCC and
AaBBcc, respectively, because AABbCc, AaBbCc, and aaBbCc progeny are produced from this
cross.
W-4 (AabbCC) and W-5 (AaBBcc) were also crossed to spring-type plants S-4 or S-5,
and 1:0 ratios were observed (Table 4.1, crosses 4 and 5). Again, a number of genotypes could
be assigned to S-4 and S-5 to explain the observed segregation. For example, S-4, which was
crossed to W-4, could have the following genotypes: aaBBcc, aaBBCc, aaBBCC, AaBBCc,
AaBBCC, AABBCc, or AABBCC. Progeny crosses do not provide definite proof for one genotype
over another, so aaBBCc and aaBBCC are shown as examples for S-4 and S-5. S-4 (aaBBCc) x
W-4 (AabbCC) produced progeny with genotypes AaBbCc, AaBbCC, aaBbCc, and aaBbCC.
Intercrossing two spring-type progeny from cross 4, 4-66 and 4-18 (Table 4.3, cross 32), resulted
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in 13:3 segregation which could be explained by a AaBbCC x AaBbCC cross. However, a 7:1
ratio also fits the data (P = 0.32, not shown in table) which would be produced if the parental
genotypes were: AaBbCC x aaBbCC. Another intercross of spring type progeny from cross 4
(cross 33, 4-31 x 4-48), produced 1:0 segregation and can be explained by crossing any
combination of progeny lacking a dominant A allele (aaBbCc x aaBbCc, aaBbCC x aaBbCC, or
aaBbCC x aaBbCc).
Lastly, intermating progeny from cross 5 resulted in 13:3 segregation for two matings
(Table 4.3, crosses 34 and 35) which can be explained by both parents having the, AaBBCc
genotypes. However, the segregation patterns for both crosses also fit a 7:1 ratio (P ≥ 0.57, not
shown in table) which could be explained by crosses between AaBBCc and aaBBCc genotypes.
4.5

Discussion
Based on the segregation patterns observed in the F1, F2, and BC1, at least three major

genes govern flowering habit in TKS, where a dominant allele at locus A in combination with
two recessive alleles at one of two or both duplicate loci, B and C (i.e. A-bbC-, A-B-cc, or Abbcc), confers the winter-type. Although there are many segregation ratios that may fit the
observed phenotypic segregation for each cross, and numerous genotypes that can be assigned to
each plant (based on the current data and model) which produce the observed segregation, the
proposed three gene model explains the data for all 38 crosses spanning F1, F2, and BC1
generations.
Intercrossing each winter-type parent with more than one other winter-type would have
been ideal to demonstrate that some winter-type x winter-type crosses can produce all wintertype offspring in order to fully prove the model. This lack of 0:1 segregation throughout the
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generations may indicate that the gene model is more complex than presented here; additional
modifier loci may also be contributing to phenotype. The proposed model could be subject to
modification with additional crosses, however, with the current data set it best explains observed
segregation. The self-incompatibility in TKS makes genetic analyses challenging because many
crosses cannot be made due to shared alleles, and the inability to self-pollinate hinders the
development of homozygous tester lines.
The flowering habits of A. thaliana and wheat are controlled by multiple genes. Null
mutations at the floral repressors, FLC and VRN2, determine spring-type regardless of the alleles
at the other loci. Consequently, the repressors are said to be epistatic to the other genes because
they are masking their effects. Therefore, the discovery of several loci with epistatic interactions
in TKS is not surprising. The TKS model is similar to that in the cereals where winter-type is
determined by a dominant allele at VRN2 in combination with recessive alleles at two loci, VRN1
and VRN3. In TKS, however, winter-type requires a homozygous recessive genotype at either of
two loci, B and C.
The mechanism controlling flowering habit is conserved throughout many plants,
whereby a floral repressor that blocks expression of an activator of reproductive development is
downregulated by vernalization. In each species where the pathway is characterized, including
beet (Pin et al., 2010), the repressor is encoded by dominant alleles. Therefore, locus A in TKS is
a possible candidate for the floral repressor. The other two genes, B and C could be targets of A,
which encode proteins that upregulate loci responsible for reproductive growth, similar to FT.

60

5 EXPERIMENT 3: INHERITANCE OF MALE STERILITY IN RUSSIAN DANDELION
5.1

Abstract
Russian dandelion (Taraxacum kok-saghyz Rodin) is a candidate species for introducing

natural rubber production into North America and domestication is currently underway to create
an economically viable crop for cultivation. Development of hybrid cultivars is essential to
maximize the yield potential of the species and cytoplasmic male sterility (CMS) is an important
breeding tool that can facilitate this process. Male sterility was discovered in two full-sib Russian
dandelion families and additional crosses were performed to create F2, F3, and backcross
generations to assess inheritance of the phenotype. CMS was identified that could be restored to
fertility by a single nuclear restorer of fertility gene. Sterility was not stable, however; plants
with sterile cytoplasm often produced a small amount of pollen or formed both sterile and fertile
flowers simultaneously. Based on seasonal differences in the frequency of partially sterile plants,
sterility was stable at low temperatures and unstable at high temperatures. This germplasm can
be of central importance for development of stable CMS lines for hybrid production.
5.2

Introduction
Russian dandelion (Taraxacum kok-saghyz Rodin; TKS) is a sexually reproducing diploid

(2n=2x=16) species of the Asteraceae family that produces large amounts of high-quality rubber
in its roots (Whaley and Bowen, 1947). TKS is adapted to temperate climates, and thus is a
promising candidate rubber crop for Southwestern Ontario and the northern United States.
Limited breeding has been conducted with this species so development of an economically
viable crop requires improvement of many traits, such as rubber yield and plant vigour.
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One of the greatest innovations in plant breeding was the development of F1 hybrid
cultivars. The seed produced by hybridization of two genetically distinct inbred lines gives rise
to plants with increased vigour and up to 50% greater yield compared to open-pollinated
cultivars (Tester and Langridge, 2010). Hybrid production generally requires that one inbred line
lacks pollen so that complete outcrossing occurs.
Male sterility is characterized by a lack of functional pollen and has been identified in
over 600 species including many agriculturally important plants such as, maize, rice (Oryza
spp.), wheat, canola, and sorghum (Poaceae spp.) (Kaul, 1988). It can be inherited nuclearly, in
genic male sterility (GMS), or maternally, through the mitochondrial genome, in cytoplasmic
male sterility (CMS). Mutations in genes involved in anther and microspore development are the
primary cause of GMS (Wilson and Zhang, 2009; Zhang and Wilson, 2009; Zhang et al., 2011).
CMS genes are created by non-homologous recombination events in the mitochondrial genome
and can contain fragments of several mitochondrial open reading frames (ORF) (Horn et al.,
2014). Their functions are not well understood, but they are generally thought to cause gamete
abortion through disruption of mitochondrial activity or aberrant programmed cell death (Chen
and Liu, 2014). Some, however, such as homeotic mutants, in which stamens are replaced by
other reproductive organs, may affect expression of nuclear genes (Linke et al., 2003).
Interactions between nuclear and mitochondrial genomes typically determine whether a
plant is male sterile or male-fertile. Nuclear restorer of fertility (Rf) loci have co-evolved with
CMS genes and often encode RNA-binding proteins which target CMS transcripts for
degradation therefore masking the effects of the sterility-inducing cytoplasm (Chen and Liu,
2014).
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Male sterility is a valuable tool for studying the mechanisms involved in anther
development and gametogenesis, but most importantly, CMS can be used to facilitate hybrid
seed production (Chen and Liu, 2014). Generally, a three line system is employed where a male
sterile A line (S rfrf) is inbred with an isonuclear, fertile, B line (F rfrf). After sufficient
inbreeding, the A line is crossed to a genetically distinct, fertile inbred line, R. In species, such as
canola, where the seed is the valuable product, the R line must be homozygous dominant at the
Rf locus (F/S RfRf) in order to restore fertility to the hybrid cultivar. In TKS, however, cultivar
fertility is not important because the root is the harvested portion so pollination is not required.
Therefore, a commercial hybrid can be produced by crossing an F rfrf genotype with the A line.
GMS, in contrast, cannot be used for hybridization because sterility is not maintained
during inbred development. GMS that is affected by climatic conditions, termed envrionmentsensitive GMS (EGMS), however, can be used for hybrid production because the male sterile
line can be inbred during sterile conditions and then crossed during fertile conditions.
Photoperiod and temperature-sensitive GMS lines account for approximately 20% of seed
production in China (Huang, 2014).
The objective of this experiment was to determine the inheritance of the male sterile
phenotype identified in two full-sib Russian dandelion families. Crosses were performed to
create F2, F3, and backcross (BC1) generations. Analysis of segregation ratios indicated that the
sterility inducing factor was cytoplasmically inherited and presence of a dominant Rf allele could
restore fertility.
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5.3

Materials and Methods

5.3.1 Genetic Materials and Analysis
Male sterility was observed segregating in a cross between a winter-type (W-2) and a
spring-type (S-2) plant (cross 2) and between two spring-type plants (S-3 and an unlisted plant;
cross 6) from Chapter 4 (Table 4.1). One flower head from each progeny of the two reciprocal
crosses was observed visually and phenotyped as sterile or fertile, based on the absence or
presence of pollen, respectively (Figure 5.1). Crosses were then performed within and between
phenotypes and families to produce F2 families for analysis; intermating F2 plants resulted in F3
families. Up to ten flower heads per plant were observed in the F2, F3, and BC1 generations to
ensure accurate phenotyping as sterile, partially sterile, and fertile. Partially sterile plants
produced small amounts of pollen on some or all inflorescences, and /or produced both
completely fertile and sterile capitula. To determine the genetic model, partially sterile plants
were grouped in the sterile phenotypic class because they likely resulted from leakiness of the
sterile mutation.
5.3.2 Growth and Culture
For each generation of genetic analysis, seeds were germinated in petri dishes with
moistened filter paper. Seedlings were transplanted into 50-cell plug trays on 8 Oct. 2013, 9 Apr.
2014, and 19 Aug. 2014 for F1, F2, and F3 plantings, respectively. Backcrosses were planted with
the F2 and residual seeds from some F2 families were replanted for evaluation with F3 seed to
increase sample size and assess the effect of season on stability of the male sterile phenotype.
Some F2 families were also evaluated initially with the F3.
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F

F

E

Figure 5.1 Male fertile (A and D), partial sterile (B and E), and sterile (C and F) Russian
dandelion (Taraxacum kok-saghyz Rodin) capitulum (A–C) and floret (D–F). Scale bar = 10 mm
(A–C) and 25 µm (D–F).
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Seedlings were repotted 30 d after planting into 12.7-cm-diameter pots filled with peatbased medium (Sunshine LC1, Sun Gro Horticulture Inc., Vancouver, BC). All plants were
grown in a greenhouse with photoperiod, lighting and fertigation as described in Chapter 3.
Phenotypic evaluation occurred from 20 Nov. 2013 to 4 Jan. 2014, 14 May 2014 to 10 July,
2014, and 21 Sept. 2014 to 20 Nov. 2014 for F1, F2, and F3, respectively. Air temperature was set
to 21/18 oC (day/night), but averaged 24/20 oC, and fluctuated between 20.7 oC and 33.8 oC day
and 18.2 oC and 24.9 oC night from April to mid-September, during evaluation of the F2.
5.3.3 Crossing Methods
Crosses were performed by rubbing flower heads together as described in Chapter 4.
5.3.4 Statistical Analyses
Observed and expected segregation ratios were compared using the Pearson goodness of
fit test, estimated with the PROC FREQ procedure in SAS version 9.3 (SAS Institute Inc., Cary,
NC, USA). Since there were two phenotypic classes, the chi-square analysis was adjusted with
Yate’s correction for continuity. Heterogeneity tests were used for F2 crosses that were planted
on each of two planting dates, to determine whether segregation was significantly different.
Since all crosses had homogeneous replicates, the chi-square statistic was calculated using total
observations pooled across the two plantings. Significance for all chi-square tests was
determined at P <0.05. Percentage of sterile plants that were unstable (partially sterile) was
calculated as y=(PS/(PS + S))∙100, where PS=number of partially sterile plants, and S=number of
sterile plants.
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5.4

Results

5.4.1 F1
Reciprocal differences were observed when two pairs of male fertile plants were crossed;
families segregated 1 male sterile : 1 fertile, or all fertile (Table 5.1). Intercrossing progeny from
these two crosses to produce the F2 (Table 5.2) resulted in development of a model for the
original crosses, where plants with a sterility inducing cytoplasm (S) and heterozygous for a
dominant nuclear restorer, Rfrf, were crossed to plants with fertility inducing cytoplasm (F) and
homozygous recessive for restorer, rfrf. The observed segregation (Table 5.1) could be explained
as:
A: (S)Rfrf x (F)rfrf = 1 (S)Rfrf (fertile) : 1 (S)rfrf (sterile)
B: (F)rfrf x (S)Rfrf = 1 (F)Rfrf (fertile) : 1 (F)rfrf (fertile).
5.4.2 F2
Crossing the sterile progeny from A (above) with fertile progeny from B, resulted in two
classes of segregation; one had only sterile progeny as predicted for a (S)rfrf x (F)rfrf cross
(Table 5.2, crosses 5–15) and the second segregated 1 fertile : 1 sterile as predicted for a (S)rfrf x
(F)Rfrf cross (crosses 16–20). For a few crosses (8, 9 and 12), one or two fertile plants were
observed in families that were mostly sterile. These plants were considered to be contaminants or
misphenotyped due to environmentally-sensitive CMS expressivity (i.e. they had partial sterile
phenotypes but conditions favoured production of fully fertile capitula). Intermating sterile and
fertile progeny predicted from A, (S)rfrf x (S)Rfrf produced 1 fertile (S)Rfrf : 1 sterile (S)rfrf
segregation (crosses 21–23). A cross between parents with the (S)Rfrf, genotype produced the
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Table 5.1 Genetic analysis of Russian dandelion (Taraxacum kok-saghyz Rodin) F1 progeny,
testing cytoplasmic inheritance of male sterility and nuclear inheritance of a restorer of fertility
gene.

Modelz
(S)Rfrf x (F)rfrf
= 1 (S)Rfrf : 1 (S)rfrf

Cross
no.
1
2

(F)rfrf x (S)Rfrf
= 1 (F)Rfrf : 1 (F)rfrf

3
4

Cross
Fertile-1 X Fertile-2
Ferile-3 X Fertile-4
Fertile-2
Fertile-4

X Fertile-1
X Fertile-3

Segregation ratio
(F:S)y
Observed Expected
38:35
1:1
19:15
97:0
52:0

χ2w
0.05
0.26

P-value
0.82
0.61

1:0

z

Genotypes proposed based on observed segregation ratios; plants with (S)rfrf genotype are
sterile and plants with genotypes (S)Rfrf, (F)Rfrf, and (F)rfrf are fertile. Model is confirmed by
crosses in Tables 5.2–5.4.
y

Fertile and sterile phenotypes are represented by F and S, respectively.

w

Observed segregation ratios were compared to expected ratios using the chi-square statistic
adjusted with Yate’s correction for continuity.
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Table 5.2 Genetic analysis of Russian dandelion (Taraxacum kok-saghyz Rodin) F2 generation progeny testing cytoplasmic
inheritance of male sterility and nuclear inheritance of a restorer of fertility gene.

Modelz

Cross
no.

Crossy

F

Observed Progenyx
PS
S
Ratio (F:S)

Expected
ratio
(F:S)

χ 2w

P-value

(S)rfrf x (F)rfrf
= all (S)rfrf

5
6
7
8
9
10
11
12
13
14
15

1-111
2-104
2-81
2-103
1-110*
1-110*
1-44*
1-44*
2-101*
2-82*
1-113*

X
X
X
X
X
X
X
X
X
X
X

3-75
4-200
4-49
3-8
3-73
3-86
4-21
4-17
4-17
4-50
3-36

0 (0)
0
0 (0)
2 (0)
1
0
0
2
0
0
0

2 (3)
5
13 (2)
11 (3)
8
6
7
10
4
7
1

14 (25)
5
5 (25)
1 (6)
14
10
2
5
15
10
6

0:16 (0:28)
0:10
0:18 (0:27)
2:12 (0:9)
1:22
0:16
0:9
2:15
0:19
0:17
0:7

0:1

(S)rfrf x (F)Rfrf
= 1 (S)Rfrf : 1 (S)rfrf

16
17
18
19
20

1-77
2-104
1-44*
1-43*
2-6*

X
X
X
X
X

4-103
4-13
3-16
4-14
4-1

10
5 (28)
9
6
12

3
12 (1)
8
3
9

2
0 (27)
3
1
7

10:5
5:12 (28:28)
9:11
6:4
12:16

1:1

1.07
0.49
0.05
0.10
0.32

0.30
0.48
0.82
0.75
0.57

(S)rfrf x (S)Rfrf
= 1 (S)Rfrf : 1 (S)rfrf

21
22

1-79
2-101*

X
X

1-90
1-73

13
10 (18)

1
3 (7)

14
3 (12)

13:15
10:6 (18:19)

1:1

0.04
0.08

0.85
0.78

(S)Rfrf x (S)rfrf
= 1 (S)Rfrf : 1 (S)rfrf

23

1-61

X

1-96*

7 (19)

1 (2)

5 (14)

7:6 (19:16)

1:1

0.19

0.67

(S)Rfrf x (S)Rfrf
= 1 (S)RfRf: 2 (S)Rfrf : 1 (S)rfrf

24
25

1-89
2-107

X
X

2-107
1-89

20
(31)

3
(4)

3
(11)

20:6
(31:15)

3:1

0
1.04

1
0.31

(S)Rfrf x (F)rfrf
= 1 (S)Rfrf : 1 (S)rfrf

26
27
28
29

2-201
2-151
1-94
2-201

X
X
X
X

3-75
4-123
3-86
3-38

16
11
10
10

7
13
0
9

6
3
5
2

16:13
11:16
10:5
10:11

1:1

0.14
0.59
1.07
0

0.71
0.44
0.30
1

(S)Rfrf x (F)Rfrf
= 1 (S)RfRf: 2 (S)Rfrf : 1 (S)rfrf

30
31
32

2-20
2-105
2-153

X
X
X

3-31
4-120
3-2

11 (26)
21
18

2 (1)
4
6

4 (13)
5
1

11:6 (26:14)
21:9
18:7

3:1

2.58
0.18
0.01

0.11
0.67
0.91

33

2-400

X

3-24

11

1

1

11:2

(F)rfrf x (S)Rfrf
= 1 (F)Rfrf : 1 (F)rfrf

34
35
36

4-123
3-38
3-75

X
X
X

2-151
2-201
2-201

(11)
(52)
(40)

(1)
(0)
(1)

(1)
(0)
(0)

(11:2)
(52:0)
(40:1)

1:0

(F)rfrf or (F)Rfrf x (S)Rfrf
= 1 (F)Rfrf : 1 (F)rfrf or 1 (F)RfRf: 2 (F)Rfrf : 1 (F)rfrf

37

3-31

X

2-20

(24)

(0)

(0)

(24:0)

1:0

(F)Rfrf x (S)Rfrf
= 1 (F)RfRf: 2 (F)Rfrf : 1 (F)rfrf

38

3-2

X

2-153

(51)

(0)

(0)

(51:0)

1:0

(F)Rfrf x (S)rfrf
= 1 (F)Rfrf : 1 (F)rfrf

39

4-1

X

2-6*

(12)

(0)

(0)

(12:0)

1:0

(F)rfrf or (F)Rfrf x (F)rfrf or (F)Rfrf
= all F(rfrf) or 1 (F)Rfrf : 1 (F)rfrf
or 1 (F)RfRf : 2 (F)Rfrf : 1 (F)rfrf

40
41
42

4-6
3-78
4-8

X
X
X

4-8
3-72
4-6

15
34
(46)

0
1
(0)

0
0
(0)

15:0
34:1
(46:0)

1:0

(F)Rfrf x (F)rfrf or (F)Rfrf
= 1 (F)Rfrf : 1 (F)rfrf or 1 (F)RfRf : 2 (F)Rfrf : 1 (F)rfrf

43

3-16

X

4-102

19

0

0

19:0

1:0

(F)rfrf or (F)Rfrf x (F)Rfrf
= 1 (F)Rfrf : 1 (F)rfrf or 1 (F)RfRf : 2 (F)Rfrf : 1 (F)rfrf

44

4-102

X

3-16

(46)

(1)

(1)

(46:2)

1:0

(S)rfrf x (F)rfrf
= all (S)rfrf

45

1-43*

X

7 (9)

9 (3)

2 (8)

7:11 (9:11)

0:1

(S)rfrf x (S)Rfrf
= 1 (S)Rfrf : 1 (S)rfrf

46

1-96*

X

1-61

11

1

1

11:2

(S)rfrf x (F)Rfrf
= 1 (S)Rfrf : 1 (S)rfrf

47

1-44*

X

4-13

11 (21)

4 (1)

4 (3)

(F)rfrf x (S)rfrf
= all (F)rfrf

48

3-86

X

1-110*

13

1

4

Exceptions
4-17

70

0.23

0.63

1:1

4.92308

0.03

11:8 (21:4)

1:1

8.20

<0.01

13:5

1:0

z

Genotypes predicted based on parental genotype, phenotype, and segregation ratios observed in the F2 and F3; plants with (S)rfrf
genotype are sterile and plants with genotypes (S)RfRf, (S)Rfrf, (F)RfRf, (F)Rfrf, and (F)rfrf are fertile.
y

Number before the hyphen corresponds to cross no. from which the plant originated and number after the hyphen is the individual
plant identifier. *Partial sterile phenotype.
x

Parentheses indicate plants that were evaluated with the F3; fertile, partial sterile, and sterile phenotypes are represented by F, PS,
and S, respectively. The observed ratio F:S is calculated as F: PS+S.
w

Observed segregation ratios were compared to expected ratios using the X2 statistic adjusted with Yate’s correction for continuity.
For crosses that were evaluated twice, X2 statistics were calculated using total observations pooled over the two replicates.
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expected 3:1 segregation (crosses 24 and 25). When plants with the (S)Rfrf were also crossed as
females to plants with (F) cytoplasm, progeny segregated either 1:1 (crosses 26–29) or 3:1
(crosses 30–33) which is consistent with the presumed genotypes of (F)rfrf and (F)Rfrf for the
pollen donors, respectively. Reciprocals of these crosses and all other crosses where the female
parent had (F) cytoplasm (crosses 34–44) yielded all fertile progeny further confirming the
genotypes of these plants.
Many plants (3-75, 2-104, 1-110, 3-86, 1-44, 4-17, 4-13, 3-16, 1-43, 2-6, 4-1, 2-201, 1114, and 3-78; Table 5.2) were used as parents in multiple crosses in order to validate their
genotypes and in most cases, the proposed genotype was correct for each cross. For example, 375 was identified as (F)rfrf because only sterile progeny were produced when it was crossed to a
sterile plant (Table 5.2, cross 5). It was then crossed reciprocally to a fertile plant, (S)Rfrf, and
progeny segregated 1:1 (cross 26) and 1:0 (cross 36) as predicted.
Residual seeds of the F2 that were planted simultaneously with the F3 had the same
phenotypic segregation ratios (Table 5.2) as proven by heterogeneity tests (P>0.08; data not
shown) indicating that season did not affect the phenotypes of segregants. Of the families that
were planted twice, the percentage of plants classified as partially sterile was 60% during the
first evaluation in the summer and 15% when replanted seeds were evaluated in late autumn
(data not shown).
5.4.3 Backcrosses
Backcrosses of segregating progeny to the original parents also supported the genetic
model. Crossing a (S)rfrf plant to the (S)Rfrf and (F)rfrf parents resulted in 1:1 segregation (cross
49) and all sterile progeny (cross 50), respectively (Table 5.3). Crosses between segregating
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Table 5.3 Genetic analysis of Russian dandelion (Taraxacum kok-saghyz Rodin) backcross (BC1) progeny testing cytoplasmic
inheritance of male sterility and nuclear inheritance of a restorer of fertility gene.
Cross
no.
49

1-114*

X Fertile-1

Observed Progenyx
Ratio
F
PS
S
(F:S)
8
2
6
8:8

(S)rfrf x (F)rfrf
= all (S)rfrf

50

1-114*

X Fertile-2

0

5

13

0:18

0:1

(F)rfrf or (F)Rfrf x (S)Rfrf
= 1 (F)Rfrf : 1 (F)rfrf or 1 (F)RfRf : 2 (F)Rfrf : 1 (F)rfrf

51

3-11

X Fertile-1

35

1

0

35:1

1:0

(F)Rfrf x (S)Rfrf
= 1 (F)RfRf: 2 (F)Rfrf : 1 (F)rfrf

52

3-78

X Fertile-1

53

0

0

53:0

1:0

(S)Rfrf x (F)Rfrf
= 1 (S)RfRf: 2 (S)Rfrf : 1 (S)rfrf

53

Fertile-1

(14)

(0)

(2)

(14:2)

3:1

4

9

2

4:11

0:1

Modelz
(S)rfrf x (S)Rfrf
= 1 (S)Rfrf : 1 (S)rfrf

(S)rfrf x (F)rfrf
= all (S)rfrf

54

Crossy

X

3-78

Exception
1-43*
X Fertile-2

Expected
ratio
(F:S)
1:1

χ 2w
0

P-value
1

0.75

0.39

z

Genotypes predicted based on parental genotype, phenotype, and segregation ratios observed in BC1 progeny; plants with (S)rfrf
genotype are sterile and plants with genotypes (S)RfRf, (S)Rfrf, (F)RfRf, (F)Rfrf, and (F)rfrf are fertile.
y

Number before the hyphen corresponds to cross no. from which the plant originated and number after the hyphen is the individual
plant identifier. *Partial sterile phenotype.
x

Parentheses indicate plants that were evaluated with the F3; fertile, partial sterile, and sterile phenotypes are represented by F, PS, and
S, respectively. The observed ratio F:S is calculated as F: PS+S.
w

Observed segregation ratios were compared to expected ratios using the X2 statistic adjusted with Yate’s correction for continuity.
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plants with (F) cytoplasm and the (S)Rfrf parent produced only fertile progeny (crosses 51 and
52) and 3:1 segregation (cross 53), when the original parent was used as the female and male,
respectively.
5.4.4 F3
The segregating families of the F3 further confirmed the genetic model. Crossing two
partially sterile plants, (S)rfrf, produced only sterile progeny (cross 55; Table 5.4). Sterile plants,
(S)rfrf, crossed to those with (F) cytoplasm and unknown restorer alleles resulted in only fertile
(cross 56) or only sterile (cross 57) progeny indicating the male parents were (F)RfRf and (F)rfrf,
respectively. Cross 58 also produced only sterile progeny as predicted. Crosses between sterile
(S rfrf) and fertile (S Rfrf) plants produced progeny segregating 1:1, as expected (crosses 59-62).
Intercrossing fertile plants with (S) cytoplasm produced both 3:1 (crosses 63–66; Table
5.4) and 1:0 (crosses 67 and 68) segregation ratios, as expected, for crosses (S)Rfrf x (S)Rfrf and
(S)RfRf x (S)Rfrf crosses, respectively. Plants with (F) cytoplasm, when crossed as females to
both fertile (crosses 69–71) and partially sterile (cross 72) plants, produced only fertile progeny.
Fertile plants, (S)Rfrf crossed to (F)rfrf genotypes segregated 1:1 (crosses 73–75).
Similar to the F2, many parents from the F3 (22-80, 43-49, 13-100, 24-9, 31-13, 21-4, and
47-7; Table 5.4) were used in multiple crosses and proposed genotypes were validated, thus
affirming the genetic model. Also, multiple plants originating from specific F2 families were
used as parents to produce the F3, and the expected genotypes were identified among siblings.
For example, crosses 58, 69, 70, 74 and 75, used different siblings from cross 48 (Table 5.2), and
confirmed (F) rfrf was the only genotype among the fertile F2 progeny. Parental genotypes for
cross 24 (Table 5.2) were predicted to be (S)Rfrf x (S)Rfrf with fertile progeny segregating as
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Table 5.4 Genetic analysis of Russian dandelion (Taraxacum kok-saghyz Rodin) F3 generation progeny testing cytoplasmic
inheritance of male sterility and nuclear inheritance of a restorer of fertility gene.

z

Model
(S)rfrf x (S)rfrf
= all (S)rfrf

Cross
no.

Observed progeny
Cross

y

x

Expected
ratio

S
16

Ratio (F:S)
0:22

(F:S)
0:1

P-value

55

26-46*

X

11-45*

(S)rfrf x (F)RfRf
= all (S)Rfrf

56

9-25*

X

40-920

11

0

0

11:0

1:0

(S)rfrf x (F)rfrf
= all (S)rfrf

57
58

22-80
13-100

X
X

43-49
48-3

0
0

3
1

17
25

0:20
0:26

0:1

(S)rfrf x (S)Rfrf
= 1 (S)Rfrf : 1 (S)rfrf

59
60
61
62

5-13
13-100
5-17
13-100

X
X
X
X

24-9
31-13
21-4
46-225

9
18
19
9

1
7
1
5

13
4
18
7

9:14
18:11
19:19
9:12

1:1

0.70
1.24
0
0.19

0.40
0.27
1
0.66

(S)Rfrf x (S)Rfrf
= 1 (S)RfRf: 2 (S)Rfrf : 1 (S)rfrf

63
64
65
66

21-4
47-7
24-9
31-10

X
X
X
X

21-35
21-4
31-10
24-9

12
20
32
50

0
0
7
7

2
5
3
8

12:2
20:5
32:10
50:15

3:1

0.38
0.12
0
0.05

0.54
0.73
1
0.83

(S)Rfrf x (S)RfRf
= 1 (S)RfRf : 1 (S)Rfrf

67

24-9

X

24-8

34

0

0

34:0

1:0

(S)RfRf x (S)Rfrf
= 1 (S)RfRf : 1 (S)Rfrf

68

24-8

X

24-9

10

0

0

10:0

1:0

(F)rfrf x (S)Rfrf
= 1 (F)Rfrf : 1 (F)rfrf

69
70
71

48-899
48-900
43-49

X
X
X

24-9
31-13
47-7

12
10
45

0
0
0

0
0
0

12:0
10:0
45:0

1:0

(F)RfRf x (S)rfrf

72

40-920

X

9-25*

42

0

0

42:0

1:0

75

PS
6

χ 2w

F
0

= all (F)Rfrf
(S)Rfrf x (F)rfrf
= 1 (S)Rfrf : 1 (S)rfrf

(S)rfrf x (S)Rfrf
= 1 (S)Rfrf : 1 (S)rfrf

73
74
75
76
77

47-7
21-4
24-9
18-1000
22-80

X
X
X

43-49
48-20
48-899

19
9
17

X
X

Exceptions
23-20
57
23-12
21

2
0
1

18
6
8

19:20
9:6
17:9

1:1

0
0.27
1.88

1
0.61
0.17

0
0

0
8

57:0
21:8

1:1

55.02
4.97

<0.01
0.03

z

Genotypes predicted based on parental genotype, phenotype, and segregation ratios; plants with (S)rfrf genotype are sterile and plants
with genotypes (S)RfRf, (S)Rfrf, (F)RfRf, (F)Rfrf, and (F)rfrf are fertile.
y

Number before the hyphen corresponds to cross no. from which the plant originated and number after the hyphen is the individual
plant identifier. *Partial sterile phenotype.
x

Fertile, partial sterile, and sterile phenotypes are represented by F, PS, and S, respectively.

w

Observed segregation ratios were compared to expected ratios using the X2 statistic adjusted with Yate’s correction for continuity.
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(S)RfRf and (S)Rfrf; both progeny genotypes were validated in crosses 59, 65–68, and 75 (Table
5.4).
The identification of (S) cytoplasm and Rf alleles in two independent crosses (Table 5.1)
could be explained by one common or two genetically distinct mechanisms to induce sterility
and restore fertility. Intercrossing fertile and sterile progeny from the two original reciprocal
crosses (crosses 16, 19, and 22; Table 5.2) resulted in 1:1 segregation, suggesting the two
sources of Rf alleles can restore both sources of cytoplasm and the presence of only one genetic
class of (S) cytoplasm. Crossing heterozygous plants containing dominant restorer alleles from
each source (cross 24) produced progeny segregating 3:1, with predicted genotypes: (S)RfRf,
(S)Rfrf, and (S)rfrf. Only fertile progeny were recovered when intercrossing fertile offspring
from cross 24 (crosses 67 and 68; Table 5.4), which is expected for a cross between (S)RfRf and
(S)Rfrf. If there were two Rf genes, segregation ratios of 3:1, 7:1, or 15:1 would be expected;
thus only one Rf gene is interacting with the (S) cytoplasm.
5.4.5 Exceptional Crosses
A small number of crosses did not support the genetic models, likely resulting from
experimental error. The genotype of 4-17 was identified as (F)rfrf based on the results of crosses
12 and 13 (Table 5.2). However, there was unexpected segregation observed in cross 45;
progeny segregated 7:11 and 9:11 for the first and second plantings, respectively, rather than all
sterile. This unexpected result could be explained from misclassifying the female parent (1-43)
as (S)rfrf rather than (S)Rfrf, in which case the Rf allele had weak penetrance and produced a
partially sterile phenotype. The (S)Rfrf genotype was validated in cross 54 (Table 5.3) where 143 was backcrossed to the (F)rfrf parent and 4:11, or 1:1 segregation (P=0.12) was observed.
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Plant 1-43 was also crossed to 4-14, which was identified as (F)Rfrf based on the 1:1 segregation
ratio (cross 19, Table 5.2). Since 1-43 likely had the genotype, (S)Rfrf, then 4-14 must have had
the genotype, (F)rfrf, in order to produce progeny segregating 1:1. Crosses 46–48 (Table 5.2),
76, and 77 (Table 5.4) also had aberrant segregation which can be explained by experimental
error or presence of additional segregating genes.
5.5

Discussion
A source of cytoplasmic male sterility, restored to fertility by a single nuclear Rf gene,

has been identified in TKS. Although (S) cytoplasm and restorer alleles were identified in
independent crosses, both can be considered genetically identical because the restorer alleles
restored fertility to both sources of cytoplasm. The model is validated by the recovery of: 1) only
sterile progeny in crosses identified as (S)rfrf x (F)rfrf; 2) only fertile progeny when plants with
(F) cytoplasm were used as female; and 3) 1:1 and 3:1 segregation only when plants with (S)
cytoplasm were used as females. The consistency and predictability of segregation over three
generations of crosses further demonstrates the genetic model.
Some plants were classified as partially sterile because they produced both sterile and
fertile flower heads and/or reduced pollen on some or all capitula. It was assumed that these
plants were unstable sterile plants with genotype (S)rfrf, and that individual genetic background,
environment, and genotype x environment interactions (Weider et al., 2009) caused this
phenotypic variability. In 18 of 23 crosses, progeny from partially sterile parents segregated as
predicted, indicating that the proposed genotype for these plants was correct. Partial sterility can
also be explained in a limited number of crosses as poor penetrance of the restorer allele in the
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(S)Rf- genotype. Interestingly, all exceptional crosses in Table 5.2 that did not fit predicted
ratios included a partially sterile parent.
Some F2 families were planted and evaluated twice, first during the summer and then in
late autumn. All families had consistent segregation of fertile and sterile plants indicating that
season did not affect ratios, however; the percentages of sterile plants that were unstable
(partially sterile) when evaluated in the summer and autumn were 60% and 15%, respectively.
This difference may be explained by seasonal environmental variation. Greenhouse temperature
was variable but averaged 24/20 oC during the summer evaluation, while stable temperatures of
21/18 oC were maintained in the autumn. Consequently high temperature may have caused a
partial reversion to fertility in plants with the (S) cytoplasm. Similarly, van der Hulst et al.
(2004) found fertility reversion in male sterile dandelions (Taraxacum spp.) which they
attributed to temperature. However, temperature had the opposite effect to that reported here:
partial sterility was observed at low temperatures, ≤15 oC, but plants were sterile when grown
above 17 oC.
Correlations between temperature and CMS stability have also been determined in
several species including pigeon pea (Cajanus cajan) (Ariyanayagam, 1995), cotton (Gossypium
arboreum) (Sarvela, 1966), petunia (Petunia x hybrida) (van Marrewijk, 1969), and maize
(Weider et al., 2009). In canola, plants with (S) cytoplasm were sterile when grown at a
temperature of 22/16 oC but partially and fully reverted to fertile when grown at 26/20 oC and
30/24

o

C, respectively (Fan and Stefansson, 1986). Minor seasonal changes for other

environmental conditions that are known to affect CMS expression such as photoperiod (Murai
and Tsunewaki, 1993), humidity (Ariyanayagam, 1995), and total solar radiation (Sarvella, 1966)
and their interactions with individual genotypes may also have influenced expressivity in TKS.
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Despite the variability observed in CMS expression, this germplasm will be extremely useful as
a basis for development of stable CMS lines for hybrid seed production.
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6 GENERAL DISCUSSION
Russian dandelion (Taraxacum kok-saghyz Rodin; TKS)is an ideal source of natural
rubber because it produces large amounts of high-quality rubber and can be grown as an annual
and easily incorporated into a crop rotation (van Beillen and Poirier, 2007). The leaves can also
be used as a health food, and inulin, a common food additive, can be recovered during the rubber
extraction process, increasing the value of the crop. For these reasons, several research groups in
North America and Europe have initiated domestication of the species with the goal of widespread cultivation in the next 10−15 years. This study focused on various issues related to crop
development including improving germination under water-stress, and genetic analysis of
flowering habit and male sterility.
6.1

Breeding for Improved Germination Under Water Stress
A crucial challenge to TKS breeding in North America is poor field germination and

seedling survival caused by a lack of adaptation to establishment on dry, bare soil. Many field
studies are currently conducted with transplants rather than plants established by direct seeding.
Therefore, the main focus of this research was to improve germination under water-stress
through recurrent selection. A selection protocol was developed where seeds were incubated in
petri dishes at a low water potential created by dissolving PEG 8000 in solution, and then
selected based on individual or family performance. After three cycles of phenotypic and half-sib
family selection, germination in PEG solution with a water potential of -1.0 MPa increased
34.5% and 42.5%, and time to first germination decreased 3 and 5 d, respectively. Percent
germination increased 11.6% and 14.9% with each cycle of phenotypic and family selection,
respectively, indicating that the latter is the best method. Evaluation of field germination in the
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improved populations is the next step for determining the efficacy of the selection protocol. If
selection in vitro can improve germination under field conditions, the method can be used on a
population selected for high rubber and future TKS populations could be direct-seeded in the
field.
Substantial genetic gains were achieved during this experiment, and adjustment of
limiting factors in the protocol to increase environmental uniformity during selection will likely
yield improved gains per cycle when applied to breeding populations. Firstly, a new method to
prevent in vitro fungal growth should be developed. The fungicide, thiram, was added to the
PEG solution at a concentration of 1.43 g/L, however, solubility at 20 oC is only 0.017 g/L
(Hallenbeck and Cunningham-Burns, 1985). Therefore, much of the fungicide remained
undissolved in the solution and although the solution was constantly stirred during experimental
set-up, the amount of solid fungicide allotted to each petri dish would have differed. Although
thiram is not phytotoxic, presence of solid particles may lower water potential and result in
decreased numbers of germinating seeds, which may explain some of the variation in percent
germination and germination time observed between petri dishes. Therefore, dissolving thiram in
alcohol prior to solution preparation, use of a highly soluble fungicide, or development of a
sterilization protocol is recommended to increase environmental uniformity during selection and
maximize genetic gain.
A second factor reducing uniformity among seeds was the filter paper. The 20 mm filter
paper was placed in the bottom half of the petri dish which had a diameter of 16 mm.
Consequently, the filter paper did not lie completely flat when the solution was added. The seeds
lying on the uneven surface would have been submerged in the PEG solution at different depths;
seeds completely raised out of solution would have had less contact with it and likely slower
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germination than the submerged seeds. A simple solution is to turn the petri dish upside-down
because the 20 mm filter paper fits perfectly in the lid of the 16 mm dish.
6.2

Inheritance of Flowering Habit
The goal of the second experiment was to determine a genetic model for flowering habit

because vernalization-requirement is associated with rubber-yield. Crosses were made between
spring-type and winter-type plants and phenotypic segregation of progeny led to the development
of a three gene model where a dominant allele at locus A in combination with a homozygous
recessive genotype at either of two loci, B or C, confers winter-type and homozygous recessive A
alleles or a dominant allele at both B and C confers spring-type. The model explained progeny
segregation of 38 crosses spanning F1, F2, and BC1 generations, however, additional analyses are
required to provide further proof. A particular challenge in this experiment was the inability to
self-pollinate caused by self-incompatibility in TKS. Certain crosses and backcrosses were
unsuccessful because of shared S-alleles and homozygous tester lines could not be created. The
winter-type plants used in this study were highly heterozygous, which may explain why there
were no crosses that produced all winter-type progeny.
In Chapter 3, two of the original crosses revealed reciprocal differences in the progeny.
One cross had ratios of 1:3 and 3:1 and the other segregated 7:1 and 1:1. Varying levels of selfpollination could explain this result and is supported by the fact that the plants used in these
crosses produced full seed heads after each cross while the other plants did not. During crossing,
control capitula for each plant were left unpollinated and observed for self-pollination. Although
the control flowers for these “selfing” plants did not set seed, this may have been because they
were not actively pollinated and so self-pollen did not come into contact with the receptive
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surface of the stigma. The act of crossing may have facilitated transfer of self-pollen from the
underside of the stigmatic lobes to the receptive surface.
During F2 crosses, three plants related to the “selfing” parents from the two original
crosses and one unrelated plant produced seed in isolation bags without pollination, suggesting
that these plants were also self-pollinating. Seeds were observed on these plants all within the
same week in July 2014, but upon further observation the plants did not set seeds without
pollination. Therefore, if the seeds produced on these plants were a result of self-pollination,
rather than contamination through insect pollination, environmental conditions may have been
involved in overcoming self-incompatibility. The first incidence of selfing occurred while
performing the original crosses in August 2013, and the second incidence was in July 2014
indicating that selfing might be induced during the summer. Warmke (1944) also observed
selfing in TKS plants that was correlated with season, however, selfing was induced during the
winter. Twenty-two of 84 and 5 of 75 plants set seed without cross pollination during December
and between January and May, respectively. The study did not continue observations past 1 July,
so it was not determined whether selfing would have occurred in the summer.
6.3

Inheritance of Male Sterility
Male sterility was discovered in progeny from two crosses performed in the study of

flowering habit. Reciprocal differences of 1:1 and 1:0 (fertile : sterile) segregation were
observed, suggesting cytoplasmic inheritance and interaction with a nuclear gene. Crosses were
performed to create F2, F3, and BC1 generations and observed segregation patterns further
confirmed the model.
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This discovery will be important for hybrid seed production in the future, but first, stable
CMS lines must be developed. The male sterile phenotype seemed to be affected by the
environment; it is theorized that high temperatures caused sterile plants to produce small
amounts of functional pollen. Secondly, self-incompatibility must be overcome in order to create
inbred lines for a single-cross hybrid system. The seeds collected from the four, F2 “selfing”
plants in the flowering habit experiment should be planted and evaluated for self-pollination.
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APPENDICES
Table A.1 Selection differential and genetic gain for each cycle of selection in Russian
dandelion (Taraxacum kok-saghyz Rodin) populations (C1 and C2) selected for germination
under water stress using half-sib family and phenotypic recurrent selection.
Half-sib family
Phenotypic
Selection method
Population undergoing selectionz

C1

Original population
C0
Gainy

6.7
0.8
5.9

Selections
Selection differentialx

18.8
12.1

Original population
C0
Gain

65.7
28.8
36.9

Selections
Selection differential

77.5
11.8

Original population
C0
Gain

6
7
-1

Selections
Selection differential

4.4
-1.6

z

C2

C1

% Germination at 5 d
20.7
1.2
3.3
0
17.4
1.2
44.0
23.3

0
0.4

−

−

−

26.8
12.3
14.5

−

−

−

−

Time to 5% germination (d)
4.2
8
6
10
-1.8
-2
1.9
-2.3

0.4

−

% Germination at 14 d
57.8
25.4
38.8
24.7
19.0
0.7
66.8
9.0

C2

9
11
-2

−

−

−

−

Performance of C1 and C2 was evaluated during selection cycle 2 and 3, at -0.6 MPa and -0.8
MPa, respectively. Selection data for the first cycle which evaluated the C0 is not shown because
seeds began germinating after > 30 d due to high water stress.
y
Gain=Population – C0.
x
Selection Differential=Selections – Population.
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Table A.2 Variance analysis of percent germination of Russian dandelion (Taraxacum koksaghyz Rodin) populations, C0–C3, after 14 d at -1.0 MPa, in a polyethylene glycol 8000 solution
and C0 after 14 d at 0 MPa, in ddH2O. Populations were subjected to three cycles of selection for
germination under water stress using phenotypic selection or half-sib family selectionz.
Random Effect
Estimate
Standard Error
Z-value
Pr > Z
Replicate
0
.
.
.
Block (Replicate)
0.01035
0.007045
1.47
0.0709
Replicate*Population
0
.
.
.
Residual
0.08097
0.007845
10.32
<0.0001
Fixed Effect
Population

Num dfy

Den df

F-value

Pr > F

7

6

127.59

<0.0001

z

The analysis included 16 observations for each of 7 populations incubated at -1.0 MPa and 4
observations for the C0 population at 0 MPa (which was analyzed as another population); n=228.
y
Num, Numerator; Den, Denominator; df, degrees of freedom.
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