this race has resulted from the use of cultivars containing Php and Phl genes,
which are single gene mechanisms conferring complete resistance to race 0
(Sullivan et al., 2005). P. nicotianae race 3 was first reported in Connecticut
from a cigar-wrapper tobacco (Mcintyre and Taylor, 1978). In 2010 this race
was reported in NC, based on field samples and root inoculations using
varieties carrying the php gene (Gallup and Shew, 2010). Race 2 was
described in South Africa, but is not considered epidemic for tobacco
(Prinsloo and Pauer, 1974).

Black shank can also affect tobacco plants still in the seedbeds
causing damping-off of seedlings. In the field, the first visual symptom is
wilting of the plant during the warmest part of the day, evolving to drooping
and yellowing of the leaves. Typical symptoms of the infection are necrosis of
the stem pith, which appears dry, brown or black in color developing from the
basal to apical region. High soil moisture and warm temperatures, sometimes
favored by dry periods, increase infection rates and evolution of symptoms
(Shoemaker and Shew, 1999).

The most effective control measure for black shank is the use of
resistant cultivars, because of the potential for cost-effective protection from
genetic resistance. Even though there are no varieties having complete
resistance to both race 0 and race 1, satisfactory results are obtained through
a combination of different cultivars with single-gene resistance and cultivars
having high quantitatively inherited resistance (Sullivan et al., 2005).

Another soil-borne disease for which quantitatively inherited resistance
is utilized is Fusarium wilt, which affects a broad range of plant species
worldwide. It usually infects scattered tobacco plants in the field in all types of
soil, but the incidence is often associated with wet areas and sandy soils,
such as river bottoms. In the US, Fusarium wilt was first reported in the state
of Maryland in 1921 and it is widely dispersed in all tobacco areas
(Shoemaker and Shew, 1999). The disease is caused by the ascomycete
Fusarium oxysporum f. nicotianae (J. Johnson) W.C. Snyder & H.N. Hansen
1971 (anamorphic Gibberella).

The formae speciales (ff.) and races of F. oxysporum infecting tobacco
have not been defined in detail to date. Lucas (1975) mentioned studies in

which the species was considered as different races of F. oxysporum f.
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batatas and f. vasinfectum, because researchers were not able to find isolates
specific to N. tabacum. Clark et al. (1998) defended the designation of F.
oxysporum f. nicotianae because part of the confusion is due to differential
virulence of distinct isolates of F. oxysporum. Several lineages having specific
characteristics appear as result of environmental conditions and varieties of
tobacco grown, adding to the considerable variation in morphology and
physiology of the fungus. The close relationship of F. oxysporum isolates from
cotton, tobacco and sweet potato can be linked to crop rotation, which is a
common practice in some areas in the US (Clark et al., 1998). Recently, a
new species of Fusarium was discovered, Fusarium kyushuense O'Donnell &
T. Aoki. It was reported as the cause of Fusarium wilt in tobacco cv.
Honghuadajinyuan in Guizhou, China (Wang et al., 2013). Even though F.
oxysporum f. nicotianae is well accepted, there is discordance between fungi
taxonomy databases as to whether to consider it as a forma specialis or not.

Wilt occurs in tobacco plants as a result of the presence and activity of
the pathogen in the xylem. While the infected plant is alive, the fungus
remains in the plant xylem, moving into other tissues to sporulate at or near to
the surface once the tobacco plant dies (Agrios, 2004). The typical symptom
of Fusarium wilt is the yellowing and drying of the leaves on one side of the
plant. Wilting begins a few days after infection without being conspicuous, and
young plants bleach to yellow or bronze and remain turgid for days. Due to
unequal growth, the midribs of leaves are curved towards the infected side
with half of the leaf yellowed and the other half remaining green (Reich,
1986).

Fusarium wilt is an example of a soil inhabitant, with capacity to survive
more than ten years in the soil as chlamydospores. When environmental
conditions are optimal and actively growing tobacco roots are present in the
soil, the chlamydospores are able to germinate, because nutrients released to
the rhizosphere create a suitable environment for fungus germination, growth
and multiplication. Other factors such as temperature (disease is most severe
between 28 and 31°C) and soil moisture account for the severity of the
disease. Fusarium wilt infection could be enhanced by the activity of tobacco

cyst nematode and root-knot nematode (Shew and Lucas, 1991).
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CHAPTER 3: Comparison of Methods for Generation of Doubled

Haploids in Tobacco

3.1 Introduction

Production of doubled haploid lines (DH) is often used to significantly
reduce the amount of time required to achieve homozygosity, because the
use of classical inbreeding and selection techniques to obtain pure lines is
relatively expensive and time consuming (Segui-Simarro, 2010). Another
advantage of this technique is the reduction in population size, since specific
combinations of desirable genes can be found by screening a reduced
number of DH individuals, compared to heterozygous populations (Chalyk,
2012).

The application of DH in tobacco breeding followed the successful
establishment of an androgenic derived haploid (ADH) protocol in Datura
innoxia Mill. in 1964, and was first used in burley tobacco in early 1970
(Kasperbauer and Collins, 1972). The ADH technique proved to be very
effective and quickly became the primary method for DH production in
tobacco. Generation of haploid plants from anthers is the result of distinct and
complementary mechanisms differentially activated in the microspores,
depending on the species and the nature of the environmental stress applied.
Testillano et al. (2000) studying tobacco, pepper (Capsicum annuum L.) and
B. napus demonstrated that heat stress triggers signal transduction of
mitogen-activated protein kinase (MAPK), additionally to enrichment of heat
shock protein (HSP70). By the time the use of the ADH method was well
established, maternally derived haploids (MDH) obtained by interspecific
hybridization between N. tabacum and N. africana (Burk et al., 1979) emerged
as an alternative for haploid production in tobacco. The hybridization is
followed by elimination of the paternal chromosomes, culminating in
generation of haploid plants derived only from the female parent (Palmer et
al., 2005).

ADH and MDH are currently the common methods used to originate
DH lines in tobacco. Both methods have advantages and disadvantages with
regard to techniques utilized, equipment and time required for their
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production, as well as plant vigor and yield of the finished lines. Maternally
derived doubled haploid (MDDH) and androgenic derived doubled haploid
(ADDH) lines of flue-cured tobacco have been shown to be inferior to the
cultivars from which they were derived when compared for overall agronomic
performance. Although MDDH lines performed better than ADDH lines,
neither displayed equal yielding ability as the selfed progenies of the parental
line. The lower yields of ADDH in comparison to the parental lines could be
due to somaclonal variation and inbreeding depression, where only nuclear
DNA is involved in forming haploids (Wernsman et al.,, 1989). Other
explanations for the unsatisfactory performance are the high levels of
homozygosity (Niemirowicz-szczytt, 1997) and DNA amplification as
consequence of the haploid regeneration process (Reed et al., 1994).

While the main complication of ADH is its association with the
agronomic performance of the DH lines, for MDH the primary negative factor
is the difficulty in the induction of haploids. Differential genotypic response in
yield of haploids varying from O to almost 200% was observed in studies with
several genotypes of onion (Bohanec, 2009). Burk et al. (1979) reported that
the percentage of haploids among all surviving seedlings of three different
flue-cured tobacco varieties hybridized with N. africana varied from 4.23 to
15.94%. Likewise, Nunes (2009) reported that burley tobacco produced one
haploid per 2,100 seeds while for flue-cured this ratio was one haploid per
8,300 seeds, on average.

Unsatisfactory agronomic performance or difficulties in inducing
haploids are not an exclusive problem in tobacco. In a comparison between
modified single seed descent, conventional mass and DH breeding methods
for maize inbred line development, the DH had the lowest proportion among
the best lines for grain yield and yield:moisture ratio (Jumbo et al., 2011). In
wheat, the simulation for the adaptation trait of genetic gain of a selected bulk
selection method compared to DH indicated the former breeding strategy as
genetically and economically more efficient (Li et al., 2013).

Successful improvements for production of tobacco DH have been
made over the past decades, increasing the yield of ADDH lines. Even though
on average ADDH lines do not perform satisfactorily as inbred populations,

some lines within the DH population may equate and even surpass the yield
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of inbred populations (Nielsen and Collins, 1989). Although several studies
substantiate the inferiority of the ADH versus MDH method in the production
of homozygous inbred lines or varieties, studies have not been conducted to
clearly determine whether the differences are detectable when ADDH or
MDDH lines are used only for the development of hybrid cultivars, which are
typically now used for commercial tobacco production.

The main objectives of this study were: 1) to determine the most
effective method to develop DH lines (ADH or MDH), based on relative ease
of attaining haploid plants and the agronomic characteristics and vyield of
resultant DH lines; and 2) to determine whether any loss of vigor which may
be detected in the DH lines, compared to the original parental lines, would
carry over to their use in hybrid varieties, and if so, to what extent. The
hypothesis was that any loss of vigor in the DH lines would likely be due to
inbreeding depression which may result from the 100% homozygosity that
would occur in a DH line; since hybrid cultivars are by definition heterozygous,
loss of vigor in a DH line may be unimportant when used in hybrid

combinations.

3.2. Materials and Methods

3.2.1 Generation of Doubled Haploid Populations

Two inbred burley tobacco lines were used to generate both ADDH and
MDDH experimental lines. The purpose of using two inbred lines as a source
of haploids was to detect any possible variation in the production of haploids,
and agronomic performance of doubled haploids, that could be inherent to a
specific genotype. In the literature, the number of tobacco haploid lines used
to generate DH for comparison of agronomic traits with their respective inbred
lines varied from one (Brown et al., 1981; Deaton et al., 1982), three (Oinuma
and Yoshida, 1974; Kasperbauer et al., 1983), ten (Arcia et al., 1978; Schnell
et al.,, 1980; Wernsman et al.,, 1989), twenty (Nielsen and Collins, 1989),
twenty nine (Smalcelj et al., 2000), and up to thirty five (Deaton et al., 1986).

In the current study, the number of genetic sources used to produce

DH lines was restricted to two based on limited resources available to carry
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out field trials. The first source utilized was TN 90LC, a popular long-term
inbred cultivar (circa sixteen generations of selfing) widely used for
commercial production of burley tobacco. The second source utilized was
inbred parental line GR 149LC (circa twelve generations of selfing). TN 90LC
and GR 149LC were chosen for the project because extensive historical data
were available not only for the inbred lines themselves, but also for hybrid
varieties for which TN 90LC or GR149LC comprised one of the parental lines.
TN 90LC is the male parent of hybrid cultivar KT 204LC, while GR 149LC is
the male parent of hybrid cultivar TN 97LC. The use of TN 90LC and GR
149LC as the source materials therefore enabled a direct comparison not only
between ADDH and MDDH lines within each cultivar itself, but also allowed a
direct comparison between the ADDH and MDDH lines when used to produce

hybrid varieties.

3.2.1.1 Induction of Androgenic Derived Haploids

For TN 90LC, a diversity of plants including field grown, young and old
greenhouse plants, rooted apical shoots, and plants treated with a 20X
etridiazole (to initiate early flowering) were used to produce ADH plants. The
objective of using multiple sources of diploid plants was to determine whether
any of the plant sources evaluated would be unsuitable for ADH production
due to unsatisfactory number of haploids generated. Since a second objective
was to determine the shortest time possible for the production of haploids, the
etridiazole treatment was included for TN 90LC. Etridiazole, which is the
active ingredient of the fungicide Terramaster® 4EC, is labelled for use in
tobacco to prevent and/or cure Pythium root rot in tobacco seedbeds.
etridiazole belongs to the group of triazols, which are known for its inhibitory
effect on plant growth when mismanaged. An excessive rate of Etridiazole
inhibits biosynthesis of the hormone gibberellin, which is responsible primarily
for shoot and stem elongation, resulting in early flowering of tobacco plants.
Since the objective of this project was to increase efficiency in producing
haploids, etridiazole was used at twenty times the recommended
concentration in greenhouse seedbeds to force early flowering of plants,

shortening the time from germination until anthesis. For each source of TN
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90LC plants utilized in the preliminary studies, the number of diploid plants
used, number of flower buds harvested, and number of anthers plated are
listed in Table 3.1. For GR 149LC, only field grown plants were utilized for the
generation of ADH plants.

For the collection of anthers, immature flower buds were harvested
when the corolla was visible inside the sepals and about the same length as
the calyx. The immature flowers were wrapped in a paper towel and aluminum
foil, with the paper having the function of absorbing excessive moisture and
the aluminum foil to prevent the light from reaching the buds. The immature
flowers were kept at 4°C for seven days; on the seventh day the anthers were
extracted after disinfestation of the flower buds. To disinfest, the flower calyx
was removed to allow maximum exposure of the corolla. The buds were
washed in 70% ethanol (v/v) for 30 s (seconds), followed by immersion in
2.63% sodium hypochlorite solution for 2 min (minutes), followed by three
rinses with sterile distilled water.

Extracted anthers were plated on A-medium (anther culture medium)
(Kasperbauer and Wilson, 1979) in Petri plates (100 mm x 15 mm; 30 mi
medium). Petri plates were taped with Parafilm and incubated for seven days
at 23 + 1°C in a dark chamber, then placed in a growth chamber at 28 + 1°C
with a 16-hour photoperiod provided by white fluorescent light bulbs (Light
intensity of approximately 150 pmol m-? s1). Approximately three weeks later,
actively growing shoots containing at least two leaf primordia were excised
from anthers and transplanted onto Murashige-Skoog (MS) rooting medium
(Murashige and Skoog, 1962), supplemented with 2 ml I of Plant
Preservative Mixture™ (PPM) (Plant Cell Technology, Inc., Washington, DC).
The induction of roots of the explanted shoots in the MS medium was

performed using 20 x 100 mm culture tubes (15 ml medium).
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Table 3.1 — Androgenic derived haploid procedure

Inbred Flower Anthers Anthers Haploid

Plant type / Plants  buds plated germinated explants
Genotype Environment (No) (No) (No) (No) (No)
Young / Field 3 32 155 3 47
Terramaster / GH 10 25 115 0 0
TN 9OLC suycker growth/GH 2 10 49 0 0
Old plant / GH 2 10 49 0 0
Young plant / GH 2 10 50 0 0
GR 149LC  Young / Field 2 62 272 39 35
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The ploidy level was verified when haploid candidates had a robust
root system and leaves in expansion, using a Partec PA-1 flow cytometer with
mercury arc lamp (Partec North America, Inc., Swedesboro, NJ). Leaf DNA
was extracted in a Petri dish by adding 400 ul of CyStain UV precise P nuclei
extraction buffer, followed by chopping the tissue using a razor blade. After at
least 30 seconds of incubation, 1.6 ml of CyStain UV precise P Staining buffer
was added and the material was filtered through a Partec 50 um CellTrics
disposabile filter. A total of 47 ADH plants were verified for TN 90LC, while 35
ADH plants were verified for GR 149LC (table 3.1). For both varieties, 10
plantlets were randomly selected and transferred into 1.5 L capacity plastic
pots and grown in the greenhouse under artificial light supplied by 1000 watts

mercury lamps placed 1.8 m above the plants.

3.2.1.2 Induction of Maternally Derived Haploids

For the MDH method, the plant source, number of plants used, and the
number of N. africana interspecific crosses for both TN 90LC and GR 149LC
are presented in Table 3.2. Plants of TN 90LC and GR 149LC were grown in
the field and used for interspecific crosses in 2011 and 2012, respectively. A
total of 32 field crosses were made for TN 90LC on August 26, 2011 (29.4°C).
A total of 117 pollinations were made for GR 149LC on July 21 (27.2°C), July
25 (35.5°C), and August 1, 2012 (32.2°C). Plants of TN 90LC and GR 149LC
were also grown in a greenhouse in 1.5 L plastic pots using Peat-Lite
Tobacco Mix (Carolina Soil Company, Kinston, NC). The female plants were
situated 60 cm below 1000 watts mercury lamps at a temperature of 30 £ 5°C.
For both the greenhouse and field crosses, immature, unopened flowers were
emasculated to avoid self-pollination, then pollinated with pollen of N.
africana. A total of 82 and 343 pollinations with N. africana were made in the
greenhouse for TN 90LC and GR 149LC, respectively (table 3.2).
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Table 3.2 — Maternally derived haploid procedure

Inbred Interspecific Haploid Haploid Crosses/

Plant type / ) _
Genotype _ Plants  Crosses Candidates plants haploid
Environment ]
(No) (No) (No) (No) ratio
Young / Field 3 32 22 0 0
Terramaster / GH 24 36 23 0 0
TN 90LC Sucker growth / GH 2 15 13 5 3
Old plant / GH 2 15 15 3 5
Young plant / GH 2 16 15 2 8
Young / Field 2 117 - 2 88.5
GR 149LC
Young plant / GH 2 343 - 2 1715
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Between 25 and 35 days after pollination, the seed capsules were
harvested, dried with 40°C air flow for one day, and progeny seeded in
individual plastic trays using PRO-MIX® BX growing medium (Premier Tech
Horticulture, Quebec, Canada). As expected from an interspecific
incompatible cross, the vast majority of the seedlings perished just after
germination; the plants that survived were morphologically separated into
haploid and non-haploid candidates. The ploidy level was later confirmed by
flow cytometry analysis using the same equipment and procedures used for
ADH.

For TN 90LC, ten MDH plants were verified and randomly assigned
numbers 1-10. However, although 460 GR 149LC flowers were cross
pollinated with N. africana in either the field or the greenhouse, only four MDH
GR 149 plants were identified; these plants were randomly assigned numbers
1-4. The MDH plants from both TN 90LC and GR 149LC were transferred into
1.5 L capacity plastic pots and grown in a greenhouse under artificial light
supplied by 1000 watt mercury lamps placed 1.8 m above the plants.

3.2.1.3 Chromosome Doubling to Create ADDH and MDDH Lines

The induction of chromosome doubling for both ADH and MDH lines
was done by culturing tissues of the leaf petiole. Actively growing leaves were
collected from haploid plants when the base of the leaf was at least 10 mm
(millimeters) wide. The 50 mm basal part of the petiole was used for culture.
The explants were surface sterilized by immersion in 70% ethanol for 45 s,
followed by incubation in 1.05% sodium hypochlorite solution for 5 min,
followed by a final rinse with sterile distilled water. A few mm of each end of
the tissue were discarded and the remaining 30 to 40 mm long tissue was
cultured horizontally on MS shoot induction medium for adventitious shoot
initiation.

The shoot induction medium was composed of regular MS medium
supplemented with 2 ml I'Yof PPM, 4 mg I*of IAA (Indole Acetic Acid), and 2.5
mg It of Kinetin. Magenta GA-7 plant culture vessels (Magenta Corp.,
Chicago, IL) containing 40 ml of medium were used to culture the petiole

tissues. Apical shoots that formed were extracted and rooted on MS medium.
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Once plant growth was established, a leaf tissue sample was analyzed for
doubled haploidy. DH candidates were tested using Partec PA-1 flow
cytometer with mercury arc lamp, and the verified DH plants were transferred
to 1.5 L capacity plastic vessels and grown in the greenhouse until seed
capsules were mature.

For TN 90LC, a total of ten ADDH and ten MDDH lines were produced
from unique ADH and MDH haploid sources. The ten ADDH TN 90LC were
designated as TN 90LC ADDH1 through TN 90LC ADDH10, and the ten
MDDH TN 90LC lines were designated as TN 90LC MDDH1 through TN
90LC MDDH10. In the case of GR 149LC, ten ADDH lines were produced
from unique ADH plants; these lines were randomly designated as GR 149LC
ADDH1 through GR 149LC ADDH10. However, only four MDH GR 149LC
plants were identified and available for the production of MDDH lines; the
resultant MDDH lines were randomly designated as GR 149LC MDDH1
through GR 149LC MDDH4.

3.2.1.4 Hybrids Derived from Doubled Haploid Populations

The second objective of the comparison of methods for the generation
of doubled haploids in tobacco was to determine how the MDDH and ADDH
lines performed as parental lines when used to create hybrid cultivars. For
TN 90LC, this was accomplished by utilizing the commercial cultivar KT
204LC, which is a hybrid cross between maternal parent TKS 2002LC and
paternal parent TN 90LC. Pollen was collected from each of the ten ADDH
and ten MDDH lines of TN 90LC and crossed onto TKS 2002LC to produce
twenty hybrid lines. These KT 204LC lines were numbered in the same
manner used for the parental line study. For example, the cross TKS 2002LC
x TN 90LC ADDH1 was designated KT 204LC AD(Fi1)l; the cross TKS
2002LC X TN 90LC ADDHS5 was designated as KT 204LC AD(F1)5; the cross
TKS 2002LC X TN 90LC MDDH7 was designated as KT 204LC MD(F1)7, etc.

The commercial cultivar TN 97LC was utilized to compare the relative
performance of GR 149LC ADDH and MDDH lines when used to create
hybrid cultivars. TN 97LC is a hybrid cross between maternal parent ms TN

90LC and paternal parent GR 149LC. Pollen was collected from each of the
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ten ADDH and four MDDH lines of GR 149LC and crossed onto ms TN 90LC
to produce fourteen hybrid lines. The ten TN 97LC hybrid lines having ADDH
lines as a pollinator were designated as TN 97LC AD(F1)1 through TN 97LC
AD(F1)10, while the four hybrids having MDDH lines as the pollinator were
designated as TN 97LC MD(F1)1 through TN 97LC MD(F1)4.

3.2.2 Field Trials and Evaluations

To allow direct comparisons among ADDH, MDDH, and original inbred
parental lines in the field trials, TN 90LCAD1 and TN 90LCMD1 were paired
with inbred line TN 90LC to form a triplet designated as Nol; TN 90LCAD2
and TN 90LCMD2 were paired with TN 90LC to form a second triplet
designated as No2 and so on, with the last triplet designated as No10 (table
3.3).

In the case of GR 149LC doubled haploids, there were ten ADDH
derived hybrids but only four MDDH derived hybrids available for comparison
with the original GR 149LC. This limited number of GR 149LCMD lines
created a problem in comparing ADDH and MDDH lines with the original GR
149LC source. To maintain a balanced experimental field design, the four GR
149LCMD lines were used twice in the field trials, while eight of the ten GR
149LCAD lines were used once. GR 149LCAD1 through GR 149LCAD4 and
GR 149LCMD1 through GR 149LCMD4 were paired with GR 149LC to form
triplets Nol through No4, while GR 149LCADS5 through GR 149LCADS8 and
GR 149LCMD1 through GR 149LCMD4 were paired with GR 149LC to form
triplets No5 through No8 (table 3.3). This distribution was necessary to
balance the frequency of lines within the main plots of the split-plot design.
Similar pairings were made within the field trials evaluating KT 204LC and TN
97LC hybrid lines (table 3.4).

The field trials were conducted at four locations: the UK Spindletop
Research Farm near Lexington, KY (LX); the UK C. Oran Little Research
Farm near Versailles, Woodford County, KY (WC); the University of
Tennessee Agricultural Experiment Station near Greeneville, TN (GR); and
the Highland Rim Research and Educational Center near Springfield, TN
(HR).
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Table 3.3 - Split-plot design used for the TN 90LC and GR 149LC trials.

Main  ------- TN 90LC subplot ------- === GR 149LC subplot -------
Plot ADDH inbred MDDH ADDH inbred MDDH
1 No 1 No 1 No 1 No 1 No 1 No 1l
2 No 2 No 2 No 2 No 2 No 2 No 2
3 No 3 No 3 No 3 No 3 No 3 No 3
4 No 4 No 4 No 4 No 4 No 4 No 4
5 No 5 No 5 No 5 No 5 No 5 No 1
6 No 6 No 6 No 6 No 6 No 6 No 2
7 No 7 No 7 No 7 No 7 No 7 No 3
8 No 8 No 8 No 8 No 8 No 8 No 4
9 No 9 No 9 No 9 - - -

10 No 10 No 10 No 10 - - -
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Table 3.4 - Split-plot design used for the hybrids KT 204LC and TN 97LC

trials.

------- KT 204LC subplot ------- --------- TN 97LC subplot --------
Main Plot _ )

AD(F1) hybrid ~ MD(Fu) AD(F1) hybrid MD(F1)
1 No 1 No 1 No 1 No 1 No 1 No 1
2 No 2 No 2 No 2 No 2 No 2 No 2
3 No 3 No 3 No 3 No 3 No 3 No 3
4 No 4 No 4 No 4 No 4 No 4 No 4
5 No 5 No 5 No 5 No 5 No 5 No 1
6 No 6 No 6 No 6 No 6 No 6 No 2
7 No 7 No 7 No 7 No 7 No 7 No 3
8 No 8 No 8 No 8 No 8 No 8 No 4
9 No 9 No 9 No 9 - - -
10 No 10 No 10 No 10 - - -
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The soil type and classification were Bluegrass-Maury silt loam (fine, mixed
mesic typic Paleudalf) for the LX and WC location; Cumberland silt loam
[undulating phase (dewey)] for GR; and Dickson silt loam (with 5% Sango) for
HR.

The ADDH lines, MDDH lines, and the inbred parental lines were
transplanted as a split-plot design with three replications. Main plots consisted
of lines, comprising one ADDH, one MDDH and one inbred line (table 3.3)
and the sub-plots consisted of methods. Individual plots consisted of 32 plants
spaced 0.53 m between plants (0.41 m at GR) and 1.07 m between rows.
Data were collected for plant height at the 50" day after transplanting (height
50), plant height after topping (height topping), leaf length, leaf width, number
of leaves per plant, and yield/hectare. Agronomic traits were estimated based
on six individual plants per plot; yield/hectare was estimated from the entire
30 plant plot (the two end plants of each plot were discarded) after harvest
and curing. Data for plant height at the 50" day after transplanting were
collected by measuring the length of the plant between the soil line and the
apical meristem. The assessment of height after topping was performed by
measuring the stalk height from the soil line to the leaf axil of the top leaf. The
distance between the petiole and the leaf tip, and the distance between the
borders at the widest point on the sixth leaf from the top of the plant, were
used to estimate leaf length and leaf width, respectively. The number of
leaves per plant was recorded between the second and fourth week after the
crop was topped.

The field trials of the TN 90LC lines were conducted during the 2013
growing season at four locations (LX, WC, GR, and HR). Yield data were
collected at all four locations, but agronomic data were not collected at the HR
location. The field trials for the GR 149LC, KT 204LC, and TN 97LC lines
were conducted during the 2014 growing season at three locations - WC, GR
and HR (the LX location was transplanted but was not usable due to severe
hail damage). Transplant, topping and harvest dates are presented in Table
3.5. Data collected were as described for the TN 90LC DH trials.
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3.2.3 Data Analysis

Combined analyses of variance (including all locations) for each one of
the genotypes were performed for all six traits measured (height 50, height
topping, leaf length, leaf width, number of leaves per plant and yield/hectare).
The four genotypes (TN 90LC, KT 204LC, GR 149LC and TN 97LC) were
analyzed separately using the General Linear Model (GLM) procedure (SAS
version 9.3, 2014). The TN 90LC ADDH5 and TN 90LC MDDHS5 lines were
discarded from the analyses before performing ANOVA, because those two
lines represented outlier data points.

Location, line, method and the interaction effects were evaluated as a

split-plot analysis using the following model:

Yikm = M + Li+ Gk + Rji) + [GRKji)] + Mm + [MGmk] + [MLmi] + [MGLmki] + Eijkm

Where: Yikm = the observation of the j replication , k" genotype and mt"
method at the it location,

M = overall mean,

Li = the effect of the i" location,

Gk = the effect of the k™ genotype,

Ri) = the effect of j" replication nested within it" location,

GRuyji) = the effect of the interaction of ki genotype and j" replication nested
within it location,

Mm = effect of the m™" method,

MGk = the effect of the interaction of m™" method and k™ genotype,

MLmi = the effect of the interaction of m™ method and it location,

MGLmki = the effect of the interaction of m"" method and k" genotype in the it"
location

Eiikm = the residual error

Note: Hypothesis testing for Li considered Rjj as the error term and
hypothesis test for Gk had GRj) effect as its error term.
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Means separation — Individual lines within each method

For each of the TN 90LC, GR 149LC, KT 204LC, and TN 97LC
families, the lines within every population were analyzed to estimate
differences between means. Analysis of variance was used to detect
differences between lines within each population, using the following model

for all six traits measured:

Yikm = U + Li+ Rji) + Gk + Gk() + Eijkm

Where: p = overall mean,
Li = the effect of the i" location,
Ri) = the effect of j" replication nested within it" location,
Gk = the effect of the k™" genotype,
Gk() = the effect of k" genotype nested within it location,
Eiik = the residual error
In the populations in which significance was detected, Fischer's Least

Significant Difference (LSD) was used to separate means of lines.
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Table 3.5 - Transplant, topping and harvest dates of TN 90LC, GR 149LC, KT
204LC and TN 97LC trials.

Location Transplant Topping Harvest
------------------------------------- TN 90LC Populations --------==-==-=-mm-mmmmmmmm oo
LX May 24 2013 July 26 2013 Aug 23 2013
wWC May 30 2013 July 23 2013 Aug 28 2013
GR May 30 2013 July 26 2013 Aug 29 2013
HR May 30 2013 Aug 07 2013 Sep 06 2013
----------------------------------- GR 149LC Populations
wC May 30 2014 Aug 13 2014 Sep 22 2014
GR May 27 2014 July 31 2014 Sep 03 2014
HR May 20 2014 Aug 13 2014 Sep 09 2014
----------------------------------- KT 204LC Populations
wcC May 30 2014 Aug 06 2014 Sep 17 2014
GR May 27 2014 July 31 2014 Sep 02 2014
HR May 20 2014 Aug 05 2014 Sep 05 2014
------------------------------------ TN 97LC Populations
wcC May 30 2014 Aug 06 2014 Sep 10 2014
GR May 27 2014 July 30 2014 Sep 03 1014
HR May 20 2014 Aug 07 2014 Sep 09 2014
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Means separation — Methods within each line (triplet)

For each of the TN 90LC, GR 149LC, KT 204LC, and TN 97LC
families, the methods within the lines (triplet) of every population were
analyzed to estimate differences between the means of the three methods.
The analysis of variance was performed based on lines, as randomized
complete block using the General Linear Model (GLM) procedure (SAS

version 9.3, 2014), following the model:

Yim = WU + Li+ Rji) + Mm + MLmi + Eijm

Where: p = overall mean,
Li = the effect of the i location,
Ri) = the effect of j" replication nested within it" location,
Mm = effect of the m"" method,
MLmi = the effect of the interaction of m" method and i" location,
Eijm = the residual error
In all triplets (methods within lines), Fischer's Least Significant

Difference (LSD) was used to separate means.

3.3 Results and discussion

3.3.1 Efficiency of Obtaining Haploids

Androgenic Derived Haploids

One of the primary objectives of the current research was to determine
the relative efficiency of producing ADH and MDH plants. For TN 90LC, plants
grown under a wide range of specific conditions were utilized to see if they
could be successfully utilized to generate haploid plants. The efficiency in
inducing ADH in the TN 90LC burley variety was dependent on the
environment in which donor plants were grown (table 3.1). Anthers collected
from plants grown under field conditions successfully produced haploid plants,

but none of the 263 anthers originating from TN 90LC plants cultivated under
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different conditions in the greenhouse generated haploid plants. Using young
field grown plants, 155 anthers of inbred TN 90LC were used to generate
ADH plants; even though only three (1.9%) of the anthers germinated
satisfactorily, they yielded 47 haploid plants (table 3.1). From just one of those
three anthers, 36 haploid plants were extracted and successfully used to
produce DH lines.

For GR 149LC, only field grown plants were utilized; they also
produced a satisfactory number of haploid plants. From young field grown
plants of GR 149LC, 39 of 272 (14.3%) of the plated anthers germinated,;
these were used as a source of at least one haploid plant per anther. Some
anthers of GR 149LC produced more than ten haploid plants (data not
shown), but since the objective of this project was to obtain a population of ten
ADH from each genotype, data was not collected beyond the humber of ADH
lines required.

The inability to produce any ADH plants from TN 90LC plants grown in
the greenhouse, including young plants that were equivalent to those that
were successfully utilized to produce ADH plants in the field, was surprising. A
difference in photoperiod at certain light intensity can induce a five-fold
difference in the yield of haploids (Dunwell and Sunderland, 1974). The
inability to derive ADH plants from rooted axillary shoots, or from plants where
Terramaster® 4EC was used to initiate early flowering, was particularly
disappointing. One of the primary reasons for using DH procedures in a
tobacco breeding program is to shorten the breeding process. If DH
procedures could be coupled with other techniques used to shorten breeding
cycles, the overall time required to obtain homozygous inbred lines could be
reduced even further. The effect of the vigor of the plant from which anthers
are harvested on haploid production has been reported in tobacco.
Kasperbauer and Collins (1974) noted that changes in growth conditions of
donor plants cause floral buds to abort. They considered the selection of
vigorous and healthy floral buds to be the most important environmental factor
in determining the success of haploid generation. Robust and healthy plants
produce larger anthers, which are more vigorous and less likely to senesce
due to stresses during culture, resulting in improved germination of haploid

cells.
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Maternally Derived Haploids

Based on the results observed in TN 90LC, the type of plant used for
pollination with N. africana also influenced the generation of haploid plants,
but in a converse manner than was observed for the production of ADH plants
(table 3.2). From plants grown in the greenhouse, rooted axillary shoots and
young and old TN 90LC plants were able to generate haploids. From these
sources, 46 flowers of TN 90LC plants were crossed with N. africana to
produce ten MDH lines. Although 36 crosses were made using plants grown
with Terramaster, no haploids plants were obtained. There were also no
haploid plants obtained from the 32 interspecific hybridizations performed in
the field. Several factors could be involved in the lack of haploid production,
but the fact that those combinations of plant types and environments had the
highest number of crosses but yielded no TN 90LC haploids should be
considered when inducing maternally derived haploids. The average number
of N. africana crosses necessary to generate one haploid plant of TN 90LC
was 11.4 for all sources of female plants; considering just the sources of
plants which produced haploids, the ratio was 4.6/1.

For GR 149LC, a very low incidence of MDH plants were identified,
regardless of whether the interspecific crosses were made in the greenhouse
or in the field (table 3.2). In the field, 117 interspecific crosses produced only
two MDH plants, while in the greenhouse 343 crosses produced only two
haploid plants. The ratio of the number of crosses/number of haploids for TN
90LC and GR 149LC was 9.4/1 and 115/1, respectively. This lack of MDH
production for GR 149LC compared to TN 90LC suggests that there may be a
significant cultivar effect on MDH production in burley tobacco.

Under greenhouse conditions, Burk et al. (1979) reported that tobacco
plants of burley variety “VT-9 and flue-cured cultivar “NC 95” pollinated with
N. africana produced an average of 2800 seeds per capsule and the
germination varied from 94 to 100%. Most of the seedlings died before
developing true leaves, with just 0.25 to 1.42% of the germinated individuals
surviving. In the cross with VT-9, 4.23% of the germinated plants were
haploids, while in the hybridization with the flue-cured line, 15.94% of the
germinated progeny was haploid. The F1 interspecific progeny of the burley
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and the flue-cured cultivars yielded an average of 1 and 3.7 haploids per
cross (seed capsule), respectively. In southern Brazil, one flue-cured line and
one burley line were crossed with N. africana to produce MDH plants (Nunes,
2009). Approximately one burley haploid plant was derived from every cross
with N. africana, but almost 3 crosses were needed to generate one haploid in
flue-cured tobacco. The ratios of haploid/ number of seeds seeded were
1/8,300 for flue-cured and 1/2,100 for burley.

The Burk and Nunes studies above stated that roughly one haploid will
be generated from each interspecific cross (seed capsule). The data obtained
from both TN 90LC and GR 149LC differed significantly from those previous
findings. Around ten interspecific crosses were necessary to produce one
MDH haploid of TN 90LC and more surprisingly, 115 crosses with N. africana
were necessary to yield one haploid individual in the GR 149LC genotype.
The data presented in Table 3.2 show drastic differences between the two
burley inbred lines with regard to the ability to generate haploid plants.
Differential response in the number of haploids generated in each interspecific
cross can also be noted by analyzing the results of the Burk and Nunes
studies. The flue-cured variety NC 95 yielded an average of one haploid per
760 seeds, when crossed with N. africana (Burk et al., 1979). But the results
of Brazil study reported 8,300 seeds were necessary to produce one haploid
in flue-cured tobacco (Nunes, 2009). This was a difference of almost eleven
fold between the two studies.

Anthers of both TN 90LC and GR 149LC were able to generate a good
number of haploids, but the efficiency of the MDH method in producing large
numbers of DH was low, especially for GR 149LC. The MDH method was
inferior to the ADH technique in this project and also much less efficient than

the MDH method in other tobacco varieties from past studies.

3.3.2 Agronomic Performance of Doubled Haploid Lines - Results

TN 90LC family — Location effects

The analysis of variance (ANOVA) for agronomic traits for the TN 90LC

family across locations is presented in Table 3.6, with the mean data
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presented in Table 3.7. For all six traits measured, there were statistically
significant differences. Among the three locations where field data were
collected, the WC location ranked first for all traits, except number of leaves,
for all three TN 90LC populations (table 3.7). Conversely, the LX location
ranked last for all traits except plant height at topping and leaf number, which
are the two variables that are somewhat subjective since topping height by
differing labor crews is typically quite variable from location to location. Yield
was also highest at the WC location, followed by GR, HR and LX.
Environmental factors contributed to the differences among locations. The LX
location recorded excessive rainfall in 2013, especially at the beginning of the
vegetative phase in the field; insufficient drainage for the area in which the
trial was located resulted in standing water and compounded the adverse
effects on plant growth. The GR location received excessive rain fall in 2013,
but the field where the trial was located was on a slope that provided better
drainage than the LX site. The WC trial was set one week later than Lexington
and was located at the top of a field that also had a considerable slope, which

contributed to rapid water runoff and absence of standing water.

TN 90LC family — Comparison of methods for obtaining DH lines

The ANOVA for differences among methods of generating haploid lines
of TN 90LC is presented in Table 3.8. The ANOVA revealed that on average
over the three locations, 50 days after transplanting the plant height of both
the ADDH and MDDH TN 90LC populations were significantly different from
the inbred TN 90LC. The MDDH TN 90LC population was 4.4 cm (3.8%)
taller than the inbred TN 90LC check, but the ADDH population was 6.7 cm
(5.7%) shorter than the check (table 3.9). This trend was consistent at all

three locations (table 3.7).
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Table 3.6 - Analysis of variance of differences among locations for the TN
90LC trial.

o _ Height Leaf Leaf Leaf _
Statistic  Height 50 ] ] Yield
topping length width Number
DF 2 2 2 2 2 3

MS 56463.15 7451.00 2074.96  1263.16 19.23 5812130.25
Fvalue 714.86*** 115.09** 293.02*** 541.39*** 18.82*** 57.51%**

(*), (**), (***) - Differences significant at P<0.05, 0.01, 0.0001, respectively.
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may arise prior to chromosome doubling, as a result of intrinsic mutagenic
effects of the tissue culture process.

Results from the present study suggest that mutagenic events may
occur in either the anther culture process or the chromosome doubling
process, or possibly both. In the present study, within the TN 90LC DH
populations one ADDH (line 5) and one MDDH (line 5) line were both grossly
inferior to the TN 90LC check. The magnitude of agronomic inferiority for both
of these particular ADDH and MDDH lines suggests that at least one mutation
event may have taken place at some point during the DH process. If the DH
process was at some point mutagenic, and the resulting mutant genes were
inferior to normal alleles in the conventional pure line parent, the DH lines
would be expected to be inferior to selfed progenies of the conventional
source parental lines. In the present study, if mutations were responsible for
the poor agronomic performance of the TN 90 ADDH5 and MDDHS5 lines, the
mutations must have been recessive since both inferior parental lines
produced acceptable KT 204LC hybrid lines.

In the ADDH method, plants go through four tissue culture steps
(induction of haploids, rooting of haploids, DH induction from haploid tissues
and rooting of DH plantlets). There are only two tissue culture steps for the
MDDH technique (DH induction from haploid tissues and rooting of DH
plantlets). As suggested by Deaton et. al. (1982), mutations could be a source
of variation occurring before chromosome doubling. The two extra tissue
culture steps to which the ADDH plants are subjected could have an impact in
increasing mutations, which may have a negative effect on overall ADDH
performance and explain why, on average, ADDH derived lines are inferior to
MDDH lines. However, the present study indicates that differences between
the two methods are minimal when the DH lines from either method are used
as parental lines to generate hybrid varieties. The improved relative
performance of both ADDH and MDDH lines in hybrid combinations versus
their performance as inbred lines suggests that the generally inferior
performance of DH lines may be due to recessive mutations that may occur in

the anther culture and/or doubled haploid tissue culture process(es).
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Table A 3.1 — Analysis of variance of the interactions between subplot

variables (split plot design) for six agronomic traits, among all methods

included in the TN 90LC family.

) o ) Height Leaf Leaf Leaf .
Interaction  Statistics Height 50 i ] Yield
Topping length width Number
DF 16 16 16 16 16 16
line*
MS 163.64 68.4 7.34 3.28 0.91 211984
method
F value 2.07** 1.06 1.04 141 0.9 2.10*
DF 4 4 4 4 4 4
Location*
MS 176.32 102,99 19.64 3.36 0.85 178793
method
F value 2.23 1.59 2.77* 1.44 0.83 1.77
Location* DF 32 32 32 32 32 32
line* MS 71.37 30.61 3.93 2.32 0.56 117285
method F value 0.9 0.47 0.56 1 0.55 1.16

(*), (**), (***) - Differences significant at P<0.05, 0.01, 0.0001, respectively
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Table A 3.2 — Analysis of variance of the interactions between subplot

variables (split plot design) for six agronomic traits. Differences between the

ADDH and the inbred populations of TN 90LC family.

) o ) Height Leaf Leaf Leaf )
Interaction  Statistics Height 50 i ) Yield
Topping length width  Number
DF 8 8 8 8 8 8
line*
MS 78.79 56.67 6.57 3.6 0.82 248277
method
F value 1.13 0.79 1.02 1.84 0.65 2.18*
DF 2 2 2 2 2 2
Location*
MS 96.33 169 17.37 3.35 1.17 146220
method
F value 1.38 2.35 2.7 1.71 0.93 1.29
Location* DF 16 16 16 16 16 16
line* MS 43.37 22.94 4.34 2.27 0.27 134224
method F value 0.62 0.32 0.68 1.16 0.22 1.18

(*), (**), (***) - Differences significant at P<0.05, 0.01, 0.0001, respectively
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CHAPTER 4: Optimal Generation to Develop Tobacco Doubled Haploids
When Selecting For Quantitatively Inherited Traits

4.1. Introduction

Choosing the best generation in which the production of doubled
haploids (DH) should be initiated is a paradigm when considering
quantitatively inherited traits in plants. The most efficient pathway is to
produce haploids as early as possible, i.e. from the F1 generation. Conversely,
the most efficacious manner is to delay the haploid induction process for
several generations, allowing more recombination events and permitting
phenotypic selection. In a simulation study with maize, Bernardo (2009)
showed that F2-derived DH lines sustained higher long-term genetic gains
compared to DH lines derived from the Fi1 generation; this was attributed to
selection practiced in the segregating F2 population before the induction of
haploids.

Li et al. (2013) evaluated genetic gains for a yield and adaptation trait
(combined index of various traits, such as maturity, plant height, yield
components, and quality, which can be selected for in early generations
before vyield trials begin) in wheat, comparing a selected bulk method
(SELBLK) with F1 and Fs-derived DH lines. In general, the Fi-derived DH lines
showed higher genetic gains for yield but lower gains for the adaptation trait,
which could be explained by the lower selection intensity applied to yield and
the time efficiency of the DH strategy. The performance of DH lines in this
study was different from Bernardo (2009), because the former study
considered the possibility of advancing two generations per year, resulting in
poor economic and genetic efficiency of the DH strategy compared to
SELBLK.

Charmet and Branlard (1985) reported no differences in most of the
yield components in triticale (X triticosecale) between DH lines derived from
F1 plants and selfed lines inbred through the single seed descent method. The
findings indicate that similar ranges of recombination over several generations
of selfing can be achieved in Fi-derived DH, which suggests that there is no

need to delay the induction of haploids until the F2 generation. Jannink and
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Abadie (1999) showed that the DH method provided the biggest short-term
genetic gain, but it was inferior to the single seed descent method in the long-
term. The complexity in determining the genetic and economic efficiency of
most breeding methods are based on the interaction of a considerable
number of factors, such as plant species, number of generations per year,
number of alleles controlling the trait, linkage, selection intensity and the

frequency of alleles.

Quantitatively Inherited Disease Resistance
Oomycetes, fungi and bacteria are the common microorganisms

responsible for soil-borne diseases in tobacco. Breeding resistant varieties is
one of the most effective control measures to minimize those losses.
Frequently, the mechanisms of resistance to certain diseases and races is
guantitatively inherited; i.e. controlled by several genes. The influence of
multiple genes over one single trait increases the complexity in achieving
highly resistant varieties, compared to traits controlled by a single gene. The
guantitatively inherited traits considered in this study were resistance to black
shank and Fusarium wilt.

Black shank is caused by the oomycete Phytophthora nicotianae (van
Breda de Hann), which primarily infects roots, but also affects stalks and
leaves of all types of tobacco causing stunting and plant death at any stage of
development (Shew et al., 1991; Gallup et al., 2006). It is the most important
burley and dark tobacco disease in the USA, causing considerable losses
every year (Pearce et al., 2013). Three races of P. nicotianae were identified
in the USA (Apple, 1962) where the most important are the race 0 and race 1.

Race 0 is considered the wild type and occurs in all tobacco-growing
regions, being the most virulent for burley, and predominant in flue-cured
tobacco areas in NC since 1931(Shew et al., 1991). Race 1 was reported in
the USA in 1954 in breeding lines of burley tobacco in Kentucky. The increase
in predominance of this race has followed the race shift forced by the use of
cultivars containing Php and Phl genes, which are single gene mechanisms
conferring complete resistance to race 0 but no resistance to race 1 (Sullivan
et al., 2005). P. nicotianae race 3 was reported in the state of Connecticut in

2010 in a cigar-wrapper tobacco (Gallup and Shew, 2010). Race 2 has been
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described only in South Africa, but is not considered epidemic (Prinsloo and
Pauer, 1974).

Another quantitatively inherited soil-borne disease which affects a
broad range of plant species worldwide is Fusarium wilt. It usually infects
scattered tobacco plants in the field and may occur in all types of soils, but the
incidence is often associated with wet areas and sandy soils, such as river
bottoms. In the USA, Fusarium wilt was first reported in the state of Maryland
in 1921, but it is now widely dispersed in all tobacco areas (Shoemaker and
Shew, 1999). The disease is caused by the ascomycete Fusarium oxysporum
f. nicotianae (J. Johnson) W.C. Snyder & H.N. Hansen 1971(anamorphic
Gibberella). This is an example of a soil inhabitant, with capacity to survive
more than 10 years in the soil as chlamidospores. When environmental
conditions are optimal and actively growing tobacco roots are present, the
chlamidospores are able to germinate because nutrients released from
tobacco plants into the rhizosphere create a suitable environment for fungus
germination, growth and multiplication (Shew and Lucas, 1991). Other factors
such as temperature, soil moisture and activity of tobacco cyst nematode and
root-knot nematode may influence the severity of the disease.

DH lines are usually generated from greenhouse grown plants in the F1
generation in order to minimize the time required to reach homozygosity. The
haploid or DH plants are then screened for resistance; although the best DH
lines can subsequently be identified in disease nurseries, true selection is not
possible because disease resistance is fixed due to the homozygosity of the
DH lines. When quantitatively inherited traits for soil-borne diseases are
considered, it may be better to delay the DH process until the F2 generation.
Segregating F2 plants can be grown in field nurseries having high levels of the
soil-borne disease of interest, with only those plants displaying high disease
resistance being selected for use in the DH process. In essence, the plants
from the segregating F2 line are “prescreened” for quantitatively inherited

disease resistance.
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4.2. Materials and Methods

4.2.1 Population Development

Three hybrid lines were developed for this study; to facilitate
descriptions and citations, the lines will be referred to as EZ1, EZ2 and EZ3.
Inbred line TKF 7002H was used as a common female parent in each of the
three hybrid crosses. This female line is characterized as having high
resistance to race 0 and race 1 black shank, Fusarium wilt, and bacterial wilt
(Ralstonia solanacearum Smith), but it is susceptible to potato virus Y (PVY —
Potyvirus group), tobacco mosaic virus (TMV — Tobamovirus group), blue
mold (Peronospora tabacina Adam), and black root rot [Thielaviopsis basicola
(Berk. and Broome) Ferraris]. In addition, TKF 7002H does not carry the
single gene dominant trait that infers immunity to race 0 black shank.

The paternal lines TKF 4028A12 and TKFE 4028C5 used in hybrids
EZ1 and EZ2, respectively, are resistant to blue mold, PVY, TMV, black root
rot, wildfire (Pseudomonas tabaci Stevens); however, they have only low to
moderate resistance to both races of black shank. The third paternal line, TKF
2002B6 used for EZ3, is known to be immune to race 0 and highly resistant to
race 1 black shank, wildfire, PVY, and black root rot. As mentioned earlier, the
target of each cross was the development of DH lines having unique
combinations of black shank and Fusarium wilt resistance with resistance to
the other diseases provided by each individual paternal line. Based on the
characteristics of the parental lines, the relative resistance expected for EZ1,
EZ2 and EZ3 populations for several diseases is presented in Table 4.1.

All crosses to produce EZ1, EZ2 and EZ3 hybrid lines were made on
August 31, 2011 at Spindletop Research Farm near Lexington, KY. The F1
seed of the three hybrid lines were harvested on September 30, 2011. A
portion of the seed of each hybrid was seeded in the greenhouse on October
11, 2011 to generate the F2 populations. Twenty-eight days after seeding, 128
F1 plants of each hybrid were transplanted into 128-cell trays of expanded
polystyrene and placed on a hydroponic solution containing 100ppm 5-10-15
fertilizer. Terramaster® 4EC was also added to the solution to speed up
flowering and production of F2 seed. Etridiazole is the active ingredient of the
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fungicide Terramaster® 4EC, which is recommended for the prevention or
cure of Pythium root rot in tobacco seedbeds. Etridiazole belongs to the group
of triazols, which are known for their inhibitory effect on plant growth when
used in higher than recommended concentrations. An overdose of etridiazole
inhibits biosynthesis of the hormone gibberellin, which is responsible primarily
for shoot and stem elongation, resulting in early flowering of tobacco plants. In
the current study, Terramaster® 4EC was used at 20 times the recommended
concentration in the EZ1-F1, EZ2-F1 and EZ3-F1 hydroponic solution. This
concentration induced premature flowering, enabling the harvest of F2 seed
capsules as early as 110 days after seeding, or 82 days after the

Terramaster® was added to the hydroponic solution.

4.2.2 Doubled Haploid Materials

Two experiments were conducted to compare the effectiveness of
utilizing the F1 versus F2 generation for the development of DH lines having
high quantitatively inherited resistance to soil-borne diseases. The first
experiment investigated resistance to race 1 black shank, while the second
experiment investigated Fusarium wilt resistance. For both experiments, thirty
plants from each of the three EZ hybrid crosses were grown in the field
without pre-selection for disease resistance; these plants were used to
produce haploid lines from the Fi generation. Using protocols described in
Chapter 3, anthers were selected from these thirty F1 hybrid plants in August
2012 to produce ADH plants; the plants were also pollinated with N. africana
to produce MDH plants. From the Fi1 generation, the total number of haploid
plants produced was: ten ADH and ten MDH plants from cross EZ1; ten ADH
and eight MDH plants from cross EZ2; and ten ADH and ten MDH plants from
cross EZ3.

The development of ADDH and MDDH doubled haploids was carried
out in a laboratory using the protocol described in Chapter 3 (sections 3.2.1.1,
3.2.1.2 and 3.2.1.3). The development of haploid plants and DH populations
from both methods were carried out in the tissue culture laboratory and in the
greenhouses from August 2012 to February 2014, to allow the collection of

seed for field studies.
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Table 4.1 - Expected levels of disease resistance of each one of the hybrid

lines
Disease T Hybrid lines
EZ1 EZ2 EZ3
Black Shank Race 0* low / medium low / medium high
Black Shank race 1* Low / medium low / medium medium / high
Fusarium Wilt * low low medium / high
Bacterial Wilt * low low medium / high
Black Root Rot susceptible susceptible high
PVY high high high
Blue Mold high high susceptible
TMV high high susceptible

* Denotes quantitatively inherited disease resistance
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For the black shank resistance experiment, the production of haploid
plants from the F2 generation was carried out in a race 1 black shank nursery.
The segregating EZ1 - F2 and EZ2 - F2 lines, derived from Fi1 progeny seed
described in the section 4.2.1, were transplanted to a nursery near
Greeneville, TN, that had a history of very high levels of race 1 black shank.
One hundred and twenty plants from both the EZ1 - F2 and EZ2 - F2
populations were transplanted in the nursery on June 4, 2012. Flower buds
from four highly resistant EZ1 - F2 plants and three highly resistant EZ2 - F2
plants were harvested in August 2012 to produce ADH plants. In the same
time period, ten plants from each EZ hybrid line that exhibited high resistance
to black shank (including the ones used for ADH) were selected and crossed
with N. africana to allow the production of MDH plants.

For the Fusarium wilt experiment, the EZ2 - F2 and EZ3 - F2 lines were
transplanted in a nursery near Owensboro, KY, that had a history of moderate
Fusarium wilt pressure. Sixty plants of segregating EZ2 - F2 and 75 plants of
EZ3 - F2 were transplanted to the nursery on June 13, 2012. From both the
EZ2 - F2population and the EZ3 - F2 population, six plants that displayed high
resistance to Fusarium wilt were selected and used as the source of anthers
for the production of ADH plants. For the production of MDH plants, ten plants
that displayed high resistance to Fusarium wilt (including the six plants used
for ADH production) were selected from both the EZ2 - F2 population and the
EZ3 - Fz population and used as female parents for interspecific crosses with
N. africana. The harvest of flower buds and interspecific crosses were made
in late August and early September, 2012.

From the F2 generation, for the black shank study the total number of
haploid plants produced was: ten ADH and five MDH plants from cross EZ1,
and ten ADH and seven MDH plants from cross EZ2. For the Fusarium wilt
study, the total number of haploid plants produced from the F2 generation
was: eight ADH and seven MDH plants from cross EZ2; and ten ADH and six
MDH plants from cross EZ3. The production of ADDH and MDDH lines from
these ADH and MDH plants was carried out in a laboratory using the protocol
described in Chapter 3.
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4.2 .3 Field Trials

During the 2014 growing season, field trials were carried out to
evaluate the performance of the DH lines derived from Fi versus F2
generations. The F2 derived DH lines selected for race 1 black shank
resistance and theirs respective DH lines derived from the F1 generation were
evaluated in three different race 1 black shank nurseries. All ten ADDH lines
from each EZ1 - F1, EZ1 - F2, EZ2 - F1 and EZ2 - F2 generation were
transplanted in the Birdwell nursery (BW) near Greeneville, TN; this was the
same nursery used to select the race 1 black shank F2 population of both EZ1
and EZ2 lines. The MDDH lines of EZ1 - F1, EZ1 - F2, EZ2 - F1 and EZ2 - F2
were tested in the Hunter nursery (HT) near Greeneville, TN. The third
location in which both generations of all ADDH and all MDDH of EZ1 and EZ2
lines were evaluated for resistance to race 1 black shank was in the Franklin
County, KY, nursery (FC). The plots were transplanted as a randomized
complete block design with three replications in BW, on May 29 2014 and HT
on May 30 2014. Four replications were used in FC, which was transplanted
on June 04 2014. Plots consisted of 20 plants in BW and HT and 18 plants in
FC.

Fusarium wilt evaluations consisted of only one nursery near
Owensboro, KY (OW), which was transplanted as a randomized complete
block with 25 plants per plot. Due to space limitations, only lines of the ADH
method were tested in this nursery. The ten lines of ADDH EZ2 - F1, eight of
EZ2 - F2, ten of EZ3 - F1 and ten of EZ3 - F2 were transplanted on June 09
2014.

Initial stand counts were recorded for each plot in all nurseries two
weeks after transplanting. Disease incidence (% symptomatic plants) was
estimated by recording the number of symptomatic plants at the 4", gt 8t
10" and 12" week after transplanting (WAT).

4.2.4 Data Analysis

Because the initial number of plants per plot varied across plots and
locations, statistical analyses were performed based on the percentage of
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symptomatic plants and not on the absolute number of plants per plot.
Analysis of variance (ANOVA) was performed on disease incidence data
(percentage of symptomatic plants) using the PROC GLM procedure of SAS
(Version 9.3, SAS Institute, Cary, NC).

For black shank incidence, combined data from all locations were
analyzed as repeated measurements using the following model for all five
times data were recorded (4 WAT, 6 WAT, 8 WAT, 10 WAT, 12 WAT):

Yik = + Li+ Gk + Ni+ NGk + LGik + LNGik() + Eik

Where:
Y i = the observation of the k" genotype and I'" generation at the it location,
K = overall mean,
Li = the effect of the i" location,
Gk = the effect of the k™ genotype,
Ni = the effect of I'" generation,
NGk = the effect of k" genotype nested within I" generation;
LGik = the effect of the interaction of i!" location and k™" genotype,
LNGikg = the effect of the interaction of i location and k' genotype nested
within 1" generation,
Eik = the residual error

For the data analysis of the incidence of black shank at individual
locations and for incidence of Fusarium wilt, the ANOVA was performed as
repeated measurements using the following model for all five times data were
recorded (4 WAT, 6 WAT, 8 WAT, 10 WAT, 12 WAT):

Yk =M+ Gk + Ni + NGkqy + Eixi

Where:

Y « = the observation of the k" genotype and I'" generation,

M = overall mean,

Gk = the effect of the k™ genotype,

Ni = the effect of I'" generation,

NGk = the effect of the interaction of k" genotype and I'" generation;

Eix = the residual error
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4.3 Results and Discussion

4.3.1 Disease Incidence in the DH Populations - Location effects

Black Shank

The percentage of plants infected by black shank in populations of the
EZ1 genotype was equal or higher for the F1 generation compared to the F2
generation, for all five weeks measured. For the EZ1 F1 and F2 generation this
trend was observed. For the ADDH population at the BW location (table 4.2),
the MDDH at the HT location (table 4.3), the ADDH at FC (table 4.4) and the
MDDH at the FC location (table 4.5).

BW was the location where plants had the highest disease incidence
(table 4.2), followed by HT (table 4.3). Both the ADDH and MDDH populations
grown at the FC location were the least affected by black shank (table 4.4 and
4.5). It was known that the disease pressure was higher at the BW location
and lower at FC, which was confirmed by the percentage of affected plants in
the parental lines and in the DH populations.

The effect of location for the DH populations of the EZ2 family and its
parental lines were very similar to the effects observed for the EZ1 genotype.
The BW location had the highest incidence of black shank for both F1 and F2
generations of the EZ2 (table 4.6), and the FC location had the lowest
incidence for both the ADDH and the MDDH populations (tables 4.8 and 4.9).
The F1 generation was more affected by black shank than the F2 populations
at the 12t WAT at all locations.

With the exception of the F1 generation at the BW location, all other DH
populations (F1 and F2) displayed less than 5% of plants with black shank
symptoms up to the 8" WAT (tables 4.6, 4.7, 4.8 and 4.9). The EZ2 male
parent, TKFE 4028C5, and the F1 DH population were the most susceptible

populations.
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Table 4.2 — Incidence of black shank in ADDH lines of different generations of

the EZ1 genotype, in five different weeks after transplant. BW Location, 2014.

-- Weeks After Transplant -------------------=---=-----—-

Line 4t (o g 10t 12t
(%) (%) (%) (%) (%)

e e F1 Generation DH lines
EZ 51 0.0 2.7 10.6 52.6 89.5
EZ 52 0.0 0.0 0.0 0.0 2.7
EZ 53 0.0 0.0 2.7 8.2 62.4
EZ 54 0.0 1.8 35 5.3 55.4
EZ 55 0.0 0.0 3.5 3.5 56.8
EZ 56 0.0 1.8 1.8 7.0 38.6
EZ 57 0.0 1.9 1.9 35 14.1
EZ 58 0.0 1.8 1.8 7.0 52.4
EZ 59 0.0 0.0 0.0 1.8 30.5
EZ 60 0.0 0.0 0.0 3.4 40.0
MEAN 0.0 1.0 2.6 9.2 44.2

e F, Generation DH lines
EZ 92 0.0 0.0 0.0 0.0 10.6
EZ 93 0.0 0.0 0.0 2.7 15.8
EZ 94 0.0 0.0 0.0 0.0 23.9
EZ 95 0.0 0.0 0.0 5.3 62.3
EZ 96 0.0 0.0 0.0 0.0 0.0
EZ 97 0.0 0.0 0.0 0.0 5.3
EZ 98 0.0 0.0 0.0 0.0 5.3
EZ 99 0.0 0.0 1.9 1.9 32.6
EZ 100 0.0 0.0 0.0 0.0 15.8
EZ 101 0.0 1.7 5.1 13.5 68.9
MEAN 0.0 0.2 0.7 2.3 24.0

e EZ1 parental lines

Female 0.0 0.0 3.4 3.4 12.1
Male 0.0 2.8 8.7 24.3 60.4
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Table 4.3 — Incidence of black shank in MDDH lines of different generations of

the EZ1 genotype, in five different weeks after transplant. HT Location, 2014.

-- Weeks After Transplant -------------------=---=-----—-

Line 4t (o gt 10t 12t
(%) (%) (%) (%) (%)

e e F1 Generation DH lines
EZ 153 0.0 1.8 35 50.1 72.3
EZ 154 0.0 1.8 3.3 35.6 54.4
EZ 155 0.0 0.0 0.0 3.5 10.8
EZ 156 0.0 0.0 0.0 35.1 62.8
EZ 157 0.0 0.0 0.0 0.0 17.7
EZ 158 0.0 0.0 0.0 7.0 23.7
EZ 159 0.0 0.0 0.0 9.0 32.2
EZ 160 0.0 0.0 0.0 0.0 1.8
EZ 161 0.0 0.0 3.2 8.0 29.5
EZ 162 0.0 0.0 0.0 0.0 1.8
MEAN 0.0 0.4 1.0 14.8 30.7

e F, Generation DH lines
EZ 191 0.0 0.0 0.0 3.6 8.9
EZ 192 0.0 0.0 0.0 5.6 3.7
EZ 193 0.0 0.0 0.0 0.0 0.0
EZ 194 0.0 0.0 0.0 0.0 0.0
EZ 195 0.0 0.0 1.8 1.8 4.8
MEAN 0.0 0.0 0.4 2.2 35

RPN EZ1 Parental lines

Female 0.0 0.0 0.0 0.0 2.4
Male 0.0 0.0 0.0 29.8 56.8

127



Table 4.4 — Incidence of black shank in ADDH lines of different generations of

the EZ1 genotype, in five different weeks after transplant. FC Location, 2014.

Weeks After Transplant -------------------z-mnneemoen

Line 4t 6" gth 10t 12t
(%) (%) (%) (%) (%)

- -- F1 Generation DH lines
EZ 51 0.0 2.9 8.6 14.3 24.2
EZ 52 0.0 0.0 0.0 0.0 2.8
EZ 53 0.0 0.0 0.0 4.3 11.4
EZ 54 0.0 2.9 12.8 15.7 21.3
EZ 55 0.0 1.6 3.0 5.8 11.9
EZ 56 0.0 0.0 0.0 3.6 6.4
EZ 57 0.0 0.0 1.5 1.5 1.5
EZ 58 0.0 0.0 4.4 10.2 16.0
EZ 59 0.0 1.6 1.6 3.1 3.1
EZ 60 0.0 2.8 8.9 11.6 17.7
MEAN 0.0 1.2 4.1 7.0 11.6

- -- F» Generation DH lines
EZ 92 0.0 0.0 0.0 0.0 0.0
EZ 93 0.0 0.0 1.5 1.5 4.2
EZ 94 0.0 0.0 0.0 1.7 3.3
EZ 95 0.0 0.0 3.0 7.4 11.8
EZ 96 0.0 0.0 0.0 0.0 0.0
EZ 97 0.0 0.0 1.4 2.8 7.1
EZ 98 0.0 0.0 0.0 0.0 0.0
EZ 99 0.0 0.0 0.0 0.0 35
EZ 100 0.0 0.0 0.0 0.0 0.0
EzZ 101 0.0 0.0 0.0 1.4 10.0
MEAN 0.0 0.0 0.6 1.5 4.0

i EZ1 Parental Lines

Female 0.0 1.5 1.5 2.9 2.9
Male 0.0 0.0 2.9 10.3 16.0
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Table 4.5 — Incidence of black shank in MDDH lines of different generations of

the EZ1 genotype, in five different weeks after transplant. FC Location, 2014.

-- Weeks After Transplant -------------------=---=-----—-

Line 4t (o gt 10t 12t
(%) (%) (%) (%) (%)

e e F1 Generation DH lines
EZ 153 0.0 1.4 7.0 34.3 40.0
EZ 154 0.0 0.0 0.0 11.8 25.0
EZ 155 0.0 0.0 5.0 6.4 13.7
EZ 156 0.0 0.0 1.8 14.2 17.1
EZ 157 0.0 0.0 1.6 0.0 4.4
EZ 158 0.0 0.0 0.0 5.7 14.3
EZ 159 0.0 3.1 3.1 6.3 21.6
EZ 160 0.0 0.0 1.6 3.3 3.3
EZ 161 0.0 0.0 0.0 0.0 4.2
EZ 162 0.0 0.0 0.0 1.8 3.6
MEAN 0.0 0.5 2.0 8.4 14.7

e F, Generation DH lines
EZ 191 0.0 0.0 0.0 0.0 4.7
EZ 192 0.0 0.0 0.0 1.4 1.4
EZ 193 0.0 0.0 0.0 0.0 3.0
EZ 194 0.0 0.0 0.0 0.0 0.0
EZ 195 0.0 0.0 0.0 0.0 1.4
MEAN 0.0 0.0 0.0 0.3 2.1

- - EZ1 Parental Lines

Female 0.0 1.5 1.5 2.9 2.9
Male 0.0 0.0 2.9 10.3 16.0
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Table 4.6 — Incidence of black shank in ADDH lines of different generations of

the EZ2 genotype, in five different weeks after transplant. BW Location, 2014.

----------------------- Weeks After Transplant
Line 4t (o g 10t 12t
(%) (%) (%) (%) (%)
e e F1 Generation DH lines
EZ 62 0.0 1.8 1.8 17.8 84.1
EZ 63 0.0 5.2 8.4 26.9 93.2
EZ 64 0.0 0.0 7 32.7 100
EZ 65 1.7 10.7 24.6 42.1 93
EZ 66 0.0 1.9 8.7 48.4 96.6
EZ 67 0.0 0.0 1.8 8.1 40.3
EZ 68 0.0 0.0 0.0 6.7 76.2
EZ 69 0.0 0.0 0.0 7 59.6
EZ 70 0.0 1.3 7 19.4 94.5
EZ 71 0.0 0.0 1.7 1.7 12.3
MEAN 0.2 2.1 6.1 21.1 75
e F, Generation DH lines
EZ 102 0.0 0.0 1.8 5.3 49.8
EZ 103 0.0 0.0 0.0 0.0 12.3
EZ 104 0.0 0.0 6.8 13.5 62.5
EZ 105 0.0 0.0 0.0 1.7 29.1
EZ 106 0.0 0.0 3.5 1.8 19
EZ 107 0.0 0.0 1.8 1.8 23.2
EZ 108 0.0 0.0 1.7 5.2 29.2
EZ 109 0.0 0.0 0.0 5.3 44.8
EZ 110 0.0 0.0 1.8 1.8 3.4
EzZ 111 0.0 0.0 0.0 1.8 49.9
MEAN 0.0 0.0 1.7 3.8 32.3
et EZ 2 Parental lines
Female 0.0 0.0 3.4 3.4 12.1
Male 0.0 1.2 5.1 18.6 63.2
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Table 4.7 — Incidence of black shank in MDDH lines of different generations of

the EZ2 genotype, in five different weeks after transplant. HT Location, 2014.

-- Weeks After Transplant -----------------------=-----—-

Line 4t (o gt 10t 12t
(%) (%) (%) (%) (%)

e e F1 Generation DH lines
EZ 163 0.0 0.0 1.7 13.4 35.7
EZ 164 0.0 0.0 0.0 1.8 5.3
EZ 165 0.0 0.0 0.0 40.6 70.9
EZ 166 0.0 0.0 1.6 26.3 58.3
EZ 167 0.0 0.0 5.2 58.5 87.2
EZ 168 0.0 0.0 0.0 1.8 21.0
EZ 169 0.0 0.0 0.0 0.0 35
EZ 170 0.0 0.0 0.0 0.0 3.8
MEAN 0.0 0.0 1.1 17.8 35.7

e F, Generation DH lines
EZ 196 0.0 0.0 0.0 0.0 0.0
EZ 197 0.0 0.0 0.0 0.0 35
EZ 198 0.0 0.0 0.0 1.9 9.9
EZ 199 0.0 0.0 0.0 0.0 5.0
EZ 200 0.0 0.0 0.0 0.0 1.8
EZ 201 0.0 0.0 1.7 4.2 5.9
EZ 202 0.0 0.0 0.0 0.0 3.4
MEAN 0.0 0.0 0.2 0.9 4.2

RPN EZ 2 Parental lines

Female 0.0 0.0 0.0 0.0 2.4
Male 0.0 0.0 1.8 19.0 37.6

131












45

40 /)< —4—FEZ1-F1
35
30 / EZ1-F2

25
/S 2
ig VA4 B

10 7 Male Parent
° 4‘4/
0 e

4 6 8 10 12
Weeks After Transplant

Black Shank Incidence (%)

Figure 4.1 — Black shank incidence progression (%), averaged across
locations, in the EZ1-F1 and EZ1-F2 DH populations and their parental lines.
BW, HT and FC locations, 2014.
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Figure 4.2 — Black shank incidence progression (%), averaged across
locations, in the EZ2-F1 and EZ2-F2 DH populations and their parental lines.
BW, HT and FC locations, 2014.
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Table 4.10 — Mean, standard deviation, standard error, coefficient of variation,
minimum and maximum percentage of black shank incidence in different
populations of the EZ1 genotype in five different weeks after transplant. HT,
FC and BW locations, 2014.

Statistics 4" WAT 6" WAT 8" WAT 10" WAT 12" WAT
- EZ1 — F1 DH population
Mean 0 0.74 2.46 9.32 22.97
Std Dev 0 2.07 4.83 14.06 23.28
Std Error 0 0.18 0.41 1.2 1.99
Ccv 0 2.78 1.96 1.51 1.01
Min 0 0 0 0 0
Max 0 125 27.78 75 89.5
- EZ1 — F, DH population
Mean 0 0.05 0.48 1.6 9.21
Std Dev 0 0.49 1.71 4.35 16.9
Std Error 0 0.05 0.17 0.43 1.67
CVv 0 10.15 3.57 2.73 1.84
Min 0 0 0 0 0
Max 0 5 10 30 70
- TKF 7002H population (EZ1 female parent)
Mean 0 0.59 1.62 2.21 5.48
Std Dev 0 1.86 2.61 3.98 5.53
Std Error 0 0.59 0.83 1.26 1.75
CVv 0 3.16 1.62 1.81 1.01
Min 0 0 0 0 0
Max 0 5.88 5.88 11.76 15.8
------------------------ TKFE 4028A12 population (EZ1 male parent)
Mean 0 0.85 3.75 20.34 41.57
Std Dev 0 1.83 5.03 16.85 26.96
Std Error 0 0.58 1.59 5.33 8.52
CVv 0 2.15 1.34 0.83 0.65
Min 0 0 0 0 0
Max 0 5 15.8 52.4 81
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Table 4.11 — Mean, standard deviation, standard error, coefficient of variation,
minimum and maximum percentage of black shank incidence in different

populations of EZ2 genotype in five different weeks after transplant.

Statistics 4" week 6" week 8" week 10" week 12t week
- EZ2 — F, DH population e
Mean 0.04 0.77 4.07 16.33 37.43
Std Dev 0.45 2.57 7 19.22 34.12
Std Error 0.04 0.23 0.62 1.71 3.04
Ccv 11.22 3.33 1.72 1.18 0.91
Min 0 0 0 0 0
Max 5 20 42.1 75 100
- - EZ2 - F, DH population
Mean 0 0.05 0.67 1.64 10.31
Std Dev 0 0.57 2.13 4.08 17.41
Std Error 0 0.05 0.2 0.37 1.6
Ccv 0 10.91 3.19 2.49 1.69
Min 0 0 0 0 0
Max 0 6.25 11.11 30 73.7
-- TKF 7002H population (EZ2 female parent)
Mean 0 0.59 1.62 2.21 5.48
Std Dev 0 1.86 2.61 3.98 5.53
Std Error 0 0.59 0.83 1.26 1.75
Ccv 0 3.16 1.62 1.81 1.01
Min 0 0 0 0 0
Max 0 5.88 5.88 11.76 15.8
-- TKFE 4028C5 (EZ2 male parent)
Mean 0 0.94 5 15.42 38.6
Std Dev 0 2.06 6.29 15.25 27.66
Std Error 0 0.65 1.99 4.82 8.75
CVv 0 2.19 1.26 0.99 0.72
Min 0 0 0 0 6.25
Max 0 5.88 17.65 42.1 95
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The fifteen DH lines of EZ1-F2 and the seventeen DH lines of EZ2-F2
populations displayed similar black shank incidence, with 9.2% and 10.3%,
respectively, at the 12" WAT. The F1 generation of both genotypes displayed
substantially higher levels of black shank infection, with 23% of plants affected
in the twenty DH lines of the EZ1-Fi1 and 37.4% for the eighteen EZ2-F1 DH
lines. As expected, the female parental line was the most resistant to black
shank, followed by both pre-screened F2 DH populations. The mean
percentage of infected plants of the EZ1 - F1 population was approximately
what would be expected based on the EZ1 mid-parent (table 4.10).
Conversely, the mean susceptibility to black shank of the EZ2 - F1 population
was nearly the same as observed for its male parental line (TKFE 4028C5)
(table 4.11).

The analysis of variance to evaluate differences between generations
within each of the genotypes revealed statistically significant differences
between the Fi1 and the F2 populations for the EZ1 (table 4.12), and for the
EZ2 genotypes (Table 4.13). For both genotypes, significant differences
between the F1 and the F2 DH populations (generation) were observed for all
weeks measured, except at the 4" WAT. Significant differences between
black shank nurseries (locations) were observed at the 10" and at the 12"
WAT for the EZ1 genotype (table 4.12), and at the 8" and at the 12" WAT for
the EZ2 genotype (table 4.13).

To summarize the black shank studies, there were considerable
differences in black shank susceptibility between the Fi1 and F2 derived
populations. For all locations there was a clear difference in susceptibility
between the Fi1 and Fz-derived DH populations. Those differences were
statistically significant independent of which method, ADDH or MDDH, was
used to generate DH lines.

The average disease incidence across two black shank nurseries used
to evaluate the Fi-derived populations of the EZ1 genotype was 28% and
22.7% for the ADDH and MDDH methods, respectively. In contrast, the
disease incidences in the F2-derived populations of the EZ1 genotype were
14% and 2.8% for the ADDH and MDDH techniques, respectively (the

difference in relative survival between the two methods was due to differing
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Table 4.12 — Analysis of variance of the populations of the EZ1 genotype.

BW, HT and FC locations, 2014.

Period Statistc = - Source of Variation -----------
Location Rep(Location) Generation
DF 2 7 1
4" WAT Mean Square 0 0 0
F Value - - -
DF 2 7 1
6" WAT Mean Square 2.8412 2.8208 31.0518
F Value 1.12 1.11 12.23*
DF 2 7 1
8" WAT Mean Square 29.3032 25.5598 244.965
F Value 2.08 1.81 17.37%**
DF 2 7 1
10" WAT Mean Square 435.7777 91.6689 3183.568
F Value 3.66* 0.77 26.70%**
DF 2 7 1
12" WAT Mean Square 13536.09 73.1584 12863.36
F Value 41.44%** 0.22 39.38***

*), (**), (***) - Differences significant at P<0.05, 0.01, 0.0001, respectively
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Table 4.13 — Analysis of variance of the populations of the EZ2 genotype.

BW, HT and the FC locations, 2014.

Periods Statistics
Location Rep(Location) Generation
DF 2 7 1
4 WAT Mean Square 0.1602 0.119 0.1022
F Value 1.59 1.18 1.01
DF 2 7 1
6 WAT Mean Square 17.3491 1.5006 32.9848
F Value 4.94** 0.43 9.40**
DF 2 7 1
8 WAT Mean Square 145.3476 4.1782 728.3755
F Value 5.37** 0.15 26.90***
DF 2 7 1
10 WAT Mean Square 545.8889 204.5046 13283.68
F Value 2.8 1.05 68.14***
DF 2 7 1
12 WAT Mean Square 36282.52 201.6036 46567.2
F Value 79.11%** 0.44 101.54***

*), (**), (***) - Differences significant at P<0.05, 0.01, 0.0001, respectively
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disease pressure in the nurseries used to evaluate the ADDH versus MDDH
populations). The diploid female parent (TKF 7002H) had an incidence of
black shank below 8% in both nurseries where the ADDH and where MDDH
populations were tested. The EZ1 male parent, TKF 4028A12, displayed
symptoms of black shank in more than 36% of the population across both
nurseries.

A very similar trend was observed for the EZ2 genotype. Fifty percent
and 27.4% of the Fi-derived DH lines were affected by black shank for the
ADDH and MDDH methods, respectively. For the F2-derived populations of
ADDH and MDDH methods, 18% and 2.7% were affected, respectively. The
incidence of black shank in the female parental line (TKF 7002H) was 8% and
for the male parent (TKFE 4028C5), an average of 42.1% of affected plants
for the ADDH nurseries and 29.3% for the lower pressure MDDH nurseries
was recorded.

There was also a pronounced difference between Fi-derived versus Fa-
derived lines for the percentage of plants displaying exceptionally high black
shank resistance. For the Fi-derived ADDH lines from the EZ1 genotype, the
incidence of black shank (averaged across three nurseries) was below 10%
for only two of the ten lines. However, for the ADDH lines derived from the F2-
generation, five of the ten lines had a disease incidence below 10%. For the
EZ2 genotype, only one of the 10 Fi-derived ADDH lines had an average
disease incidence less than 10%, compared to two of the ten F2-derived
ADDH lines. Similar differences were observed for the MDDH derived lines.
For the EZ1 genotype, only one of ten Fi-derived MDDH lines had an average
disease incidence of less than 5% when averaged across a different set of
three nurseries. In contrast, all five of the F2-derived MDDH lines had a
disease incidence less than 5%. For the EZ2 genotype, only 37.5% of the
MDDH lines (three of eight) had less than 5% of the plants dying from black
shank. In contrast, for the EZ2-F2 derived DH population, all seven MDDH

lines had 5% or lower disease incidence.
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Fusarium Wilt

On average, the incidence of Fusarium wilt was less than 7% for all DH
populations of the EZ2 and EZ3 families for any of the five weeks when data
were collected. No visual symptoms were observed in the EZ2 and in the EZ3
female parent (TKF 7002H) in any of the weeks recorded. The TKFE 4028C5
and TKF 2002B6, the male parental lines of EZ2 and EZ3, respectively,
displayed the highest incidence of Fusarium wilt, with 34.3% and 49.6% of
plants infected at 12" WAT, respectively (tables 4.14 and 4.15).

Out of the ten EZ2 - F1 DH lines tested, three did not show any
symptoms of Fusarium wilt and only two lines had more than 10% of plants
affected by the disease at the 12" WAT (table 4.14). The population of the
EZ2 - F2 generation was comprised of eight lines, among which four did not
display any Fusarium wilt symptoms. The highest Fusarium wilt incidence
detected was one line having 4.2% of the plants affected (table 4.14). Both F1
and F2 populations of the EZ3 family performed very similar to the EZ2
populations, with the exception of one EZ3-F1 line, which had more than 25%
of the plants affected by Fusarium wilt (table 4.15). In both EZ3 populations,
30% of the lines did not show any symptoms of the disease at the 12" WAT.

The OW nursery did not display high disease pressure, either for the
selection of the haploid source plants in the 2012 growing season, or for the
evaluation of the resistance of the DH lines in the season of 2014. The
combination of the high resistance of the common female parent and the low
disease pressure could have resulted in low incidence of Fusarium wilt in the
DH populations. At the time plants had to be chosen to initiate the DH
procedures, disease incidence was very low for both the EZ2 and the EZ3-F1
hybrid crosses. From the 60 EZ2 — F2 plants cultivated and used to generate
DH populations in the 2012 Fusarium wilt nursery, only four (6.7%) displayed
Fusarium wilt symptoms. Out of the 75 EZ3 - F2 plants used to generate DH,
only eleven (14.6%) were noticeably infected by the fungus. This level of
disease incidence made it difficult to select plants with high genetic levels of
Fusarium wilt resistance. For the EZ2-F2 population, 93.3% of the plants

displayed no Fusarium wilt symptoms.
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Table 4.14 - Incidence of Fusarium Wilt in ADDH lines of different
generations of the EZ2 genotype, in five different weeks after transplant. OW
Location, 2014.

-- Weeks After Transplant -------------=---mcmmemmeee

Line 4th (o gt 10t 12t
(%) (%) (%) (%) (%)

e e F1 Generation DH lines
EZ 62 0.0 0.0 0.0 0.0 0.0
EZ 63 2.7 2.7 4.0 6.7 10.7
EZ 64 2.8 2.8 4.2 4.2 0.0
EZ 65 1.2 1.2 1.2 1.2 1.2
EZ 66 1.4 1.4 5.3 5.3 5.3
EZ 67 0.0 0.0 3.7 3.7 3.7
EZ 68 0.0 0.0 0.0 0.0 0.0
EZ 69 4.0 4.0 6.7 8.0 8.0
EZ 70 4.0 3.9 13.2 11.9 14.5
EZ 71 1.3 2.7 2.7 4.0 4.0
MEAN 1.7 1.9 4.1 4.5 4.7

e F, Generation DH lines
EzZ 112 0.0 1.2 2.5 2.5 2.5
EZ 113 1.3 1.3 1.3 1.3 1.3
EZ 114 0.0 0.0 0.0 0.0 0.0
EZ 115 2.8 4.2 2.8 4.2 4.2
EZ 116 0.0 0.0 0.0 0.0 0.0
EZ 117 0.0 0.0 0.0 0.0 0.0
EZ 118 0.0 1.2 2.5 2.5 2.5
EZ 203 0.0 0.0 0.0 0.0 0.0
EZ 204 1.4 1.4 1.4 1.4 1.4
MEAN 0.7 1.0 1.0 1.2 1.2

- EZ 2 Parental Lines

Female 0.0 0.0 0.0 0.0 0.0
Male 5.0 7.5 17.8 23.8 34.3
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Table 4.15 - Incidence of Fusarium Wilt in ADDH lines of different
generations of the EZ3 genotype, in five different weeks after transplant. OW
Location, 2014.

-- Weeks After Transplant -------------=---mcmmemmeee

Line 4th (o gt 10t 12t
(%) (%) (%) (%) (%)

e e F1 Generation DH lines
EZ 82 1.2 1.2 1.2 1.2 1.2
EZ 83 1.2 2.5 16.0 23.5 27.2
EZ 84 0.0 0.0 5.6 5.6 8.3
EZ 85 0.0 0.0 0.0 0.0 0.0
EZ 86 1.3 1.3 1.3 1.3 1.3
EZ 87 1.4 2.7 4.1 8.1 9.5
EZ 88 0.0 0.0 0.0 0.0 0.0
EZ 89 0.0 4.0 9.1 7.7 12.8
EZ 90 0.0 0.0 0.0 0.0 0.0
EZ 91 1.2 1.2 2.5 2.5 2.5
MEAN 0.6 1.3 4.0 5.0 6.3

e F, Generation DH lines
EZ 119 2.6 2.6 1.4 2.6 2.6
EZ 120 0.0 0.0 0.0 0.0 0.0
EZ 121 0.0 1.3 1.3 1.3 0.0
EZ 122 4.2 5.6 9.7 9.7 8.3
EZ 123 2.5 2.5 2.5 2.5 1.2
EZ 124 1.3 1.3 4.0 5.3 5.3
EZ 125 5.4 8.1 12.2 13.5 13.5
EZ 126 2.6 6.6 8.0 11.8 11.8
EZ 127 0.0 0.0 1.4 1.4 1.4
EZ 128 0.0 0.0 0.0 0.0 0.0
MEAN 1.9 2.8 4.0 4.8 4.4

e e EZ 2 Parental Lines

Female 0.0 0.0 0.0 0.0 0.0
Male 1.2 14.3 31.1 36.4 49.6
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Of these, only 10% were used to harvest anthers for induction of ADH
lines, while only 16.7% of these EZ2-F2 plants were used for production of
MDH lines. Similarly, for the EZ3-F2 population 85.4% of the plants displayed
no Fusarium wilt symptoms; from these, only 8% were used to generate ADH
lines, and 13.5% were used to generate MDH lines. The high resistance to
Fusarium wilt present in the female parental line, combined with moderate
pathogen pressure in the nursery during the selection in the F2 generations
(2012) and during the evaluation of the DH populations of both generations
(2014) were the main factors influencing the infection and expression of
disease symptoms.

Among the populations, the only substantial difference for Fusarium
wilt incidence that was observed was for the male parental lines of both hybrid
families (tables 4.14 and 4.15). The F1 and F2 populations of both EZ2 and
EZ3 genotypes displayed high variability, as seen by the standard deviations
compared to the mean infections of the populations (tables 4.16 and 4.17).
Since the differences in the incidence of Fusarium wilt between the F1 and the
F2 DH populations were only modest and considerable variability was
observed, there were no statistically significant differences between DH
generations for any of the genotypes in any of the times recorded (table 4.18).

The progression of Fusarium wilt in both DH populations and parental
lines of the EZ2 and EZ3 genotypes over all five time intervals for which data
were recorded are shown in Figures 4.3 and 4.4, respectively. The symptoms
of Fusarium wilt for the susceptible populations started to show up more
clearly in the 6" WAT. The bi-weekly progression of the disease was fairly
steady up to the 12" WAT. This characteristic differentiates Fusarium wilt
from black shank infection, which had a sharp rise in the infections across

populations after the 8" WAT, for all locations.
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Table 4.16 — Mean, standard deviation, standard error, coefficient of variation,

minimum and maximum percentage of Fusarium wilt incidence in different

populations of the EZ2 genotype, measured in five different weeks after

transplant at the Owensboro (OW) nursery. 2014

Statistics 4™ week 6" week 8 week 10" week 12" week
- EZ2 — F, DH population
Mean 1.74 1.87 4.1 4,50 4.74
Std Dev 2.92 3.09 5.41 5.83 6.25
Std Error 0.53 0.56 0.99 1.06 1.14
Ccv 1.68 1.66 1.32 1.3 1.32
Min 0 0 0 0 0
Max 12 12 19.23 19.23 19.23
-- EZ 2 — F, DH population
Mean 0.69 1.02 1 1.17 1.17
Std Dev 1.99 2.79 2.41 3.03 3.03
Std Error 0.41 0.57 0.49 0.62 0.62
CcVv 2.90 2.74 2.42 2.59 2.59
Min 0 0 0 0 0
Max 8.33 12.5 8.33 12.5 12.5
- TKF 7002H (female parent)
Mean 0 0 0 0 0
Std Dev 0 0 0 0 0
Std Error 0 0 0 0 0
CcVv 0 0 0 0 0
Min 0 0 0 0 0
Max 0 0 0 0 0
- TKFE 4028C5 (male parent)
Mean 5 7.52 17.76 23.8 34.26
Std Dev 1.86 3.46 12.49 14.47 10.53
Std Error 1.07 1.99 7.21 8.36 6.08
CcVv 0.37 0.46 0.7 0.61 0.31
Min 3.85 3.85 3.85 7.69 23.08
Max 7.14 10.71 28 35.71 44
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Table 4.17 — Mean, standard deviation, standard error, coefficient of variation,

minimum and maximum percentage of Fusarium wilt incidence in different

populations of the EZ3 genotype, measured in five different weeks after

transplant at the Owensboro (OW) nursery. 2014

Statistics 4™ week 6" week 8 week 10" week 12" week
-- EZ3 — F1 DH population
Mean 0.64 1.29 3.97 4.98 6.28
Std Dev 1.45 2.11 6.79 8.95 11.14
Std Error 0.26 0.39 1.24 1.63 2.03
Ccv 2.28 1.64 1.71 1.80 1.77
Min 0 0 0 0 0
Max 4.17 7.69 33.33 44.44 55.56
-- EZ3 — F2 DH population --------=======mmcmmmmemmeeeeee
Mean 1.86 2.80 4,04 4.81 4,42
Std Dev 2.53 3.56 5.27 5.74 5.81
Std Error 0.46 0.65 0.96 1.05 1.06
CcVv 1.36 1.27 1.30 1.19 1.32
Min 0 0 0 0 0
Max 8.33 12.5 16.67 16.67 16.67
- TKF 7002H (female parent) -----------------mmmmmmmmmmemeo
Mean 0 0 0 0 0
Std Dev 0 0 0 0 0
Std Error 0 0 0 0 0
CcVv 0 0 0 0 0
Min 0 0 0 0 0
Max 0 0 0 0 0
- TKF 2202B6 (male parent) e e
Mean 1.23 14.34 31.09 36.44 49.56
Std Dev 2.14 3.63 12.10 10.24 17.34
Std Error 1.23 2.09 6.99 5.91 10.01
Ccv 1.73 0.25 0.39 0.28 0.35
Min 0 12 20.83 29.17 32
Max 3.7 18.52 44 .44 48.15 66.67
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Table 4.18 - Analysis of variance of the EZ2 and EZ3 DH populations for the
incidence of Fusarium wilt. OW, 2014.

Period . eemeeemeeeeeeees Sources of variation ------------------
Statistic _
recorded Genotype Generation Gener(genotype)
MS 0.04 0.21 36.45
WEEK 4
F value 0.01 0.04 6.85*
MS 10.33 3.09 39.35
WEEK 6
F value 1.19 0.36 4 55*
MS 60.31 64.88 71.04
WEEK 8
F value 2.12 2.29 2.50
MS 119.92 86.03 70.74
WEEK 10
F value 2.95 2.12 1.74
MS 161.55 208.33 20.69
WEEK 12
F value 3.00 3.87 0.38

Degrees of Freedom for all sources of variability = 1
(*), (**), (***) - Differences significant at P<0.05, 0.01, 0.0001, respectively
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Figure 4.3 — Bi-weekly progression of the Fusarium wilt incidence (%) in the

EZ2-F1, EZ2-F2 DH populations and their parental lines
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4.4 Conclusions

The nature of the pathogens, the levels of resistance inherited from the
parental lines and the disease pressure in the different nurseries were
important factors differentiating the response of DH populations between the
black shank and Fusarium wilt studies. Even though the mechanism of
resistance to both diseases in tobacco is controlled by several genes, the
pathogens affected the plants in distinct forms. For the black shank study, the
BW location displayed the highest black shank pressure and the FC location,
the least. However, for all locations there was a clear difference in
susceptibility between the F1 and F2 derived DH populations. The difference
between populations followed the same trends for the Fusarium wilt trials,
however due to the low disease pressure, the difference between generations
used to derive the haploid lines was not statistically significant. One of the
most prominent characteristics of both studies was the high variability within
the F1 and F2 DH populations. There were some highly resistant lines in the
Fi-derived DH populations as well as susceptible lines within the F2-derived
DH, for both black shank and the Fusarium wilt.

Results from the previous chapter of this dissertation showed that
generating large amounts of haploids can be difficult, especially for some
genotypes. By delaying the DH process until the F2 generation, plants from a
segregating population can be grown in a field nursery having high levels of
disease pressure. Only plants displaying good resistance to diseases would
be selected for use in the generation of haploid lines. There will be an
increase in the frequency of individuals with high levels of resistance in any
population, when prescreened F: lines are used to generate haploids instead
of random Fi lines. This is notably advantageous in situations where the
generation of a large number of haploid lines is onerous and difficult. When
only a limited number of haploids can be obtained, the chances of succeeding
in generating useful haploid parental lines will increase as the frequency of
resistant individuals in the population increases. The high frequency of
individuals with high levels of resistance results in a higher number of plants
available for selection for other desirable agronomic traits, therefore

increasing the probability of success in the breeding process.
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Delaying the DH process in tobacco from the Fi to the F2 generation
could add up to twelve months to the development of homozygous breeding
lines. However, haploids generated from F2 pre-screened plants displayed
higher levels of resistance, increasing the chance to identify superior lines
having both high disease resistance and good agronomic characteristics. The
delay in the process may be offset by having to screen fewer finished DH
lines to identify superior lines having both high disease resistance and good
agronomic characteristics. This is particularly true in cases where the overall
objective is to combine high quantitatively inherited resistance to soil-borne

disease with qualitatively inherited resistance to multiple other diseases.
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