ABSTRACT

HANCOCK, WESLEY GRAHAM Interspecific Hybridization ilNicotiana Various Roles
in a ModernApplied Tobacco Breeding PrograrfUnder the direction ddr. Ramsey
Lewis).

Tobacco Kicotiana tabacunt..) is one of the most economically importantso
grown in North Carolina and worldwide. In a modern tobacco breeding program, continued
efforts are undertaken to increase yields while maintaining or improving leaf quality and
disease resistance. Two challenges are low levels of genetic diversity fluihcured
germplasm pools and the need for improved methods of doubled haploid breeding. The role
of interspecific hybridization in dealing with these challenges was investigated in this
research.

Although favorable genetic variation affecting importgunantitative traits likely
exists within diploidNicotianarelatives, their use ibreeding prograspresents a number of
challenges. Work was conducted to evaluate the feasibility of using synthetic tobaccos as an
alternative source of favorable allelafluencing key traits. The first objective of this
research was to evaluate yield and growth rate and the relative amounts of heterosis for these
traits intobacco hybridénvolving a set of diverse materials including two synthetic
tobaccos. Gltivated bbacca® synthetic tobaccé2 populations and selected.-Hamilies
were also evaluated for a series of quantitative traits to determine realized heritability for
growth rate on a single plant bag®esults showed significant mhrent heterosis for
hybrids irnvolving the synthetic tobaccdsr most traitsA range of phenotypes were
observed irf2 populationsand therealized heritability fogrowth ratewas found to be very
low (h? = 0.14). Genomewide transmissionenetics, recombination frequencies, and

preliminary markettrait associations for measured traits iN.dabacunx 4x(N. sylvestrig



N. otophora F population wereexaminedand he relative importance of dominance,
overdominance, and epistasis affecting heterosis for these traits was also inve$tigated.
observed an overall reduction in pairwise marker distances and overall miprégagyve to
thosedistancegpreviouslydetermined for populations derived frdwn tabacunx N. tabacum
crosses. Several QTL affecting growth rate, yield, leaf number and plant height were
identified. Marker loci exhibited a range afa| ratios, with he majority suggesting the
importance of serdominace as a contributor to heterosis for yigdywth rate, and plant
height,while epistasis and overdominance were important contributors to days to flower and
leaf numberSynthetic tobaccos may be a ugedource of favorable alleles affecting yield
related traits in a mediunto longterm breeding program.

Conventional methods of inbreeding require a significant amount of time. An
alternative inbreeding method used by tobacco breeders is doublediiapkding. In this
method, haploid plants are identified, characterized, and subsequently chrortosdiies
to produce inbred lines in a greatly reduced amount of time. One method to pxoduce
tabacumhaploids is using interspecific hybridization betw@&e tabacumandN. africana
This is a semlethal cross, where greater than 99% of the progeny die at the cotyledonary
stage due to an interspecific lethality reaction. The remaining surviving plants are mixtures of
maternal haploids dfl. tabacunmand aruploid interspecific Fhybrids. An efficient method
is needed to distinguish materialtabacurhaploids from aneuploid hybrids during the
seedling stagehowever The objective of this research was to investigate the ude of
africanaengineered witla green fluorescent proteigff) transgene to assist in the
discrimination between aneuploid hybraisdhaploid plants resulting from this interspecific

cross. Results demonstragip expression to be a useful visual phenotypic marker for



identificationof maternal haploids at the seedling stage. DNA marker genotyping, flow
cytometry, and chromosome counts of surviving-haploid plants suggest that one or more
genes omN. tabacunchromosome H play a role in the interspecific lethality reaction.
Microsaellite marker genotypingnd chromosome counts of thigantswith low DNA
contents indicated that these plants were likely the result of incomplete chromosome
elimination leading to the suggestion that chromosome eliminatiay playat least a partial

role in haploid production in thi. tabacun® N. africanainterspecific cross.
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Chapter 1:

Literature Review



INTRODUCTION
Nicotiana

The genudNicotianais the sixth largest member of the Solanaceae family and is
comprised of 76 naturally occurring species (Knapp et al., 2004). The Solanaceae, or
nightshade family, contains many economically important plants such as eggplant, pepper
potato, and tomato. The geriotianawas first estalhed by Carl Linnaeus in 1753, and
the majority of the species in the genus are natiotth and South Americand Australia,
with a single specidseingnative tothe continent oAfrica (Chaseet al., 2003). While many
of the species d¥licotianaare used fobasic plant science researomly oneNicotiana
tabacumL., is of significant economic importance today (Lewis, 2011)
Origin

Tobacco KNicotiana tabacunt..) is a classic amphidiploid (248) crop species that
arose by chance hybridization between twe22 progenitor species followed by
chromosome doubling (Goodspeed 1954; Gerstel and Sisson 1995; Lewis 2011). There is
limited information on the number of times this chance hybridizatientemay have
occurred or if there was any ensuing gene flow from other species. The species may have
originated on the eastern slopes of the Andes Mountains in Bal&/ihis is where current
populations of likely progenitor species overl@nodspeedl 954 Gerstel, 1961). Each
chromosome oN. tabacumis lettered alphabetically (A to Z, excluding X and Y).
Chromosomes A through L belong to the 0TSO0
subgenome (Clausen and Cameron, 1944; Cameron, 1952). Ovemggenetic evidence

suggests that an ancestor of preskyN. sylvestrig2n=24) contributed the cytoplasm and



chromosomes of the 6S6 genome (Goodspeed 195
Olmstead and Palmer, 1991; Kenton et al., 1993; Aakilem 2000; Chase et al., 2003;

Yukawa et al., 2006). The exact origin of th
debated (Greenleaf, 1941; Burns, 1966; Gerstel, 1960; Sheen, 1971; Wernsman et al., 1976).

A memberof sectiontomentosae, of whicN. tomentosiformisandN. otophoraare

members, was the I|ikely donor of the O0T6 gen
Lewis, 2011). Goodspeed (1954) argued Mhadtophorawas the most likely progenitor

species. Burns (1966) investigated the défees in heterochromatin betwdentabacum

andN. otophora The results showed that the pattern of heterochromatin is vastly different

between these species. Gerstel (1960) investigated whether the chromoshmes of
tomentosiformi®r those oN. otophoaar e mor e nearly homol ogous \
N. tabacumThe results favadN. tomentosiformias being the closer relative kb tabacum

as far as chromosome homology is concerned. Murad et al. (2002) provided molecular
cytogenetic evidencetoindc at e t hat the O6T6 genome was der
N. tomentosiformisSierro et al. 2013,2014) provided genome sequence information

supportingN. tomentosiformias being the donor of the paternal geno@téer molecular

data suggesttha t he 6 TO6 genome may have deriNed fr o
otophoraandN. tomentosiformigkenton et al., 1993; Riechers and Timko, 1999; Kitamura

et al., 2001). The genetic similarities between the two parental species resulted ireaeiigh |

of genetic redundancy within the tobacco gencanemany simplyinherited traits of

economic importancareunder the control of duplicate genetic loci (Wernsman, 1999)



Evolution

The evolution of many angiosperms has involved polypladg, consideable
interesttherefore existg the genetic consequences of this phenomenon, both in natural and
in newly synthesized polyploids (Clarkson et al., 2005). The origin of a new diploid species
by means of hybridization requires the successful mergerfefetitiated parental species
genomes (Riesberg et al., 1996). As discussed eadtlilmbacumhas two divergent genomes
of which an ancestor ?d. sylvestrisvas the maternal parent aNdtomentosiformis\.
otophora or an introgressive hybrid betwedrettwo, was the donor of the paternal genome.
In the origin of a species suchldstabacuminterspecific hybridization of two divergent
diploid species followed by chromosome doubling of thbybrid to the tetraploid state
would have been expected tguce golyploid speciesvith possible partial fertilityand
one which would béargely isolated reproductivefyom its diploid progenitors (Wernsman
et al., 1976). Therefore, a strong genetic bottleneck effect likely affected genetic diversity in
initial populations oN. tabacunmand it is likely that only a fraction of the genetic variability
that existed within the progenit-daygN.speci eso
tabacum(Moon et al., 2008). The two diploid progenitor species would pagsessed many
genetic similarities (duplicate homologous loci), and the newly formed allotetraploid would
havebeen expected to possess a great amourtahdant genetic information (Wernsman
et al., 1976). Evolutionary events such as chromosomal segwseas, or deficiencies of
genetic information in one genome, might have been tolerated without reducing the fitness of
the allotetraploid as long as this homologous information was retained in the other parental

species genomdhe progenitor genomesvyabecome interdependehbweveras



evidenced by the fact that most nullisomics doswvive (Wernsman et al., 1978eed,
1991 Lewis 2011).

Although references to very recent originsfbrtabacun{6,000 10,000 years ago)
can be found in various nescientific writings, Okamuro and Goldberg (1985) used DNA re
association kinetics to estimate that speciation occurred much earlier, but within the last six
million years [ewis and Nicholson, 200Tewis, 2011). Kovarik et al. (2008) suggested that
theinitial hybridization event likely occurred less than 200,000 years ago based on molecular
clock analyses. Subsequentlyete have been numerous changes over the past 100,000 to
200,000 years in botN. tabacumand the progenitor specié3erstel (1963)nvestigated the
extent of homology between the chromosomeN.dabacurmandN. sylvestrisand
concluded that some chromosomes of the two species have remained completely homologous
while others have become differentiated to some degree during evolRiffenences
between parental genomes provide opportunities to determine the rates of homogenization
and genome turnover in plants (Lim et al., 20@9ng et al. (1995) demonstrated that the
paternal genome of a newly formed allopolyploid evolves mostiisapecause the maternal
cytoplasmic background leads to paternal genome instabilities. Skalicka et al. (2005)
describedi n Bur k 6s s yarossioketandem and disgpersed repetitive sequences
from the paternally derived genome aegortedmutatonsandrapid evolution of the
paternal genome froM. tomentosiformisA number of other genetic changes or genome
modifications have also occurred since the initial hybridization event. These modifications
have included retrotransposon sequence delatgplification, intergenomic translocations,

elimination of repetitive sequences, changes in structure or organization of ribosomal DNA,



epigenetic adjustments, and evolution of new satellites (Kenton et al., 1993; Skalicka et al.,
2003, 2005; Lim et al2004, 2007). Theole thatintergenomic translocatiomsayplayin
polyploid evolutionis not fully understood. It has been suggested that intergenomic
translocations are necessary for survival tad they may be required for restoration of
fertility, in some caseenton et al., 1993; Lim et al., 200&enton et al. (1993) reported

that three differen. tabacungenotypes each had up to 9 homozygous translocations
between chromosomes of the S and T genomes

Characteristics and Production Practices

Tobacco is naturally a perennial plant, but is cultivated as an annual crop for
production purposes in the United States and around the world. The crop is primarily grown
around the world for its cured leaf, which is processed and used in various waysKmgsmo
chewing, snuff, and extraction of nicotine. In commercial-tue=d tobacco production,
tobacco seeds are sown directly on top of soil in floating polystyrene trays in a greenhouse in
late winter or early spring. The plants are clipped using arheadrmower once they reach a
certain height. Clipping is essential for promoting uniformity, improving transplant
hardinessand increasing the number of usable transplants (Smith, et al., 2014). Once the
frost-free date has been reached, tobacco is tlamsg from greenhouse float trays to
bedded rows in the field. Sixty to 70 days after transplanting, plants initiate a terminal
panicle capable of producing hundreds of pink flowEesh plant is capable of producing
hundreds ofthousands of seeds (Wemman and Rufty, 1987). Flowers are perfect, large, and
easily manipulated by hand, therdhgilitating efficient self or crosspollination. Siccessful

pollination of an individual flower can result in approximately 3,000 seed per capsule



(Wernsman and Rtyf, 1987).In conventional production situationigtinflorescences are
normally removed at the button stagea practice designateddst o ppi ngd. Toppi nh¢
in the button stage (soon after the flower begins to appear) rather than later inaeddses y
andleafbody if suckers are controlled (Fisher et al., 20R&moval of theapical
inflorescence stimulategowth ofthe lateral meristemgalso knowmas O6sucker s. 6 Su
control is facilitated by managing tobacco in such a way to reduce sueksupr and by
maximizing the effectiveness of chemical applications (Fisher et al., 2014). If all else fails,
suckers can be removed physically by hand.-Elued tobacco is harvested in separate
intervals, starting at the bottom of the plant and remo8iBdeavedor each harvestver
three to four harvest periaddarvestedeaves are cured in closed barns under precisely
controlled temperatures and relative humidity.
Market Types

Tobacco production can be sdlvided into eight distinct market typeBhe major
market types are known as flaered, burley, Maryland, dark aaured, dark firecured,
cigar filler, cigar wrapper, and oriental (Wernsman and Rufty, 1987; Lewis, 2011). Each of
these market classes has its own uses and cultural productibogsrassociated with them.
Flue-cured is the primary market type grown worldwide and occupies the majority of the
acreage followed by the burley market type (Universal Leaf, 2013).deltezl tobacco gets
its name from the method of curing in closed basiag precise temperatuaed relative
humidity controls. The fluguringprocess was accidently discovered on a farm in Caswell
County, North Carolina (Wernsman and Rufty, 1987). feued tobacco is grown on strict,

nitrogenlimiting fertilizer prograns, andthe cured leaf is yellow to orange in color and



contains moderate concentrations of nicotine and high concentrations ohgeslugars
(Wernsman and Rufty, 1987). The burley genotype was discovered as a mutant in a field of
the cultivaeoadMealydbaod &8 farm in Brown Count
Burley tobacco possesses duplicate loci homozygous for recessive mutant alleles which
result in a chlorophyltieficient phenotype with a white stem (Henika, 1932; Stines, 1960;
Wernsman and RuftyL987; Lewis et al., 2012). Burley tobacco is grown under high nitrogen
fertilization ratesand is harvested by cutting the plants off at the ground {std)}kand

cured by air in raisprotected barns for periods oflD weeks, with limited control of
temperature and relative humidity (Wernsman and Rufty, 1987; Lewis et al., 2012). The
cured leaf is reddishrown in color with a relatively high content of nicotine, and low
concentrations of reducing sugars (Wernsman and Rufty, 1987). The genetic dstcacter

of each market class agenerallyunique, which limits the amount of germplasm of one class
that can be tolerated in a second class without adversely affecting leaf quality (Wernsman
and Rufty, 1987)

Economic Importance

Tobacco is one of the mostanomically important plants grown for its vegetative
parts worl dwide (Eickholt and Lewis, 2014).
types) is China, followed by India, Brazil, and the United States (FAO, 2014). In 2013, an
estimated 4. billion kg of flue-cured tobacco was produced globally, with the United States
producing 243 million kg (Universal Leaf, 2012). The value of production for the United
States in 2013 was 1.57 billion dollars (NASS, 2014). In 20&arly 171 million kg of flue

cured tobacco were produced on 66,000 hectares in North CarBliney tobacco was



grown on 850 hectares North Carolinawith a production of 1.8 million kg (NCDA, 2014).

For fluecured tobacco in 201the average price for North Carolina 37 per kgin
comparison, the average price for burley tobacco$agl per kg (NASS, 2014). The total
value of production for North Carolina in 2012 was $754 million and the estimate for 2013 is
$768 million (NASS, 2014). Tobacco is the most valuable crop fothN@arolinga andthe

stateis the largest.S. producer with 50% of the total production (NCDA, 2014)

TOBACCO BREEDING

Historical Overview

The major tobacco classes grown today were the resgétnatic drift coupled with
farmer selection many years befgciencebasedbreeding programs were established. The
first attempts atobacco improvement througipplication of genetic methods were
conducted at the Connecticut Agriculture Experiment Station, on cigar wrapper tobacco,
shortly after the turn of th20th century (Wernsman and Rufty, 1987). The United States
Department of Agriculture (USDA) began genetic modification of burley anectived
tobaccos in the 19306s, with the primary obj
standard cultivarsWernsman and Rufty, 1987)he derelopment ofpureline varieties, not
of F1 hybrids,wasthe primary focus of early tobacco breed®&tany private tobacco
breeding programs were started in the early
number of pivately developed cultivars (Wernsman and Rufty, 1987).Uihieed States
Regional Mnimum Standard€rogram was implemented in 14@nd required thatured

leaf fromall candidatecultivarsexhibit sdisfactory physical attributeshemical



compositionand smoke flavor prior to commercializatipernsman and Rufty, 1987).

Moon et al. (2009a) assessed the degree to which application of scientific plant breeding
methods has affected genetic diversity at the gene and population levels over seven decades
of flue-cured tobacco cultivar improvement. Ténghorsfound that fluecured tobacco has a
narrow genetic base that has become narrower with time. Murphy et al. (1987) estimated the
average coefficient of parentage among a set of 131 historically impOr@&nfluecured

tobacco varieties to be 0.41. This reflemigservative breeding approaches usgflue-

cured tdacco breeders witimited digression from thelite flue-cured germplasm pool

when selecting parents for crosses for cultivar developrivurphy et al., 1987). This raises
concerns about the degree of genetic variability remaining within elite germplasm pools on
which to base further improvements in yield, disease resistance, and quality for this
economically important commodity (Lewis andcNolson, 2007).

Breeding Methods

The main objectives of a tobacco breeding program are to continually improve yield
and disease resistance while maintaining or enhancing leaf quality. The cultivar
characteristics needed by growers vary with tobacco gasgraphic areas within classes
and specific farms (Wernsman and Rufty, 1987). Most agronomic and leaf chemical
composition characteristics are quantitatively inherited and under the control of many genes
(Wernsman, 1999). Tobacco does not suffer feagificant (less than 5%) inbreed
depression (Wernsman, 1999), dederosis in Fhybrids between inbred lines of the same
market type is generally low (Aycock, 198®ass selection is the oldest and simplest form

of plant breeding and wasprinciplemethod used in development of the major classes of
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tobacco used by industry today (Wernsman, 1999). This is the ntbdtdarmers used over

a century ago to select desirable plants, which later became distinct market classes. Pedigree
selection methagland modifications therdpsuch as singkseeddescent, arthe principle
procedurs employed in breeding seffollinated crop species such as tobacco (Wernsman,
1999). The doubled haploid method of plant breeding is a more modern approach to
inbreeding ands used in tobacco breeding, with several burley anddiwed tobacco

cultivars being developed using maternalbrived haploid individual$viostmodernflue-

cured and burley cultivars have been of the cytoplasmic-stetde i hybrid type. One

reasm for this is to provide a mechanism for the protection of intellectual property,
specifically in the international seed market. Fromlaa nt Iperspextives the s
production of hybrid seed can be greatly facilitated by the use of cytoplasmic mititg ste
(Chaplin and Ford, 1965). Another reason for the use of cytoplasmiesteale F hybrids

is not due to heterosis itself, but for deploying certain dominant disease resistance genes in
the heterozygous condition. This reduces linkage drag efidoth are often observed with
various introgressed disease resistance genes fronNwibdianarelatives, such as the

single, dominant TMV resistance geig,derived fromN. glutinosa(Lewis et al., 2007).
Deployingdominantresistance genes in the hetaygous conditiopermits manifestation of

full resistance withess of a negative effect on the yield and/or quality of the cured leaf.

Germplasm Introgression

The genudNicotianacontains many wild species thatght serve as a source of
genetic variabn for the improvement of cultivated tobacco. The steps for traditional

introgression of genes intd. tabacunfrom relatedNicotianaspecies include (1) the
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identification of a species possessing the trait of interest, (2) hybridizatioNwidbacum
(3) generation of fertile offspringnd (4) backcrossing to the cultivated tobacco type to
transfer the gene(s) of interest (Lewis, 2011). Because of the difficult and time consuming
nature of gene transfer from most wiNicotianarelatives they have ben utilized almost
exclusively as sources of simple inherited diseasestance genes (Lewis, 2011). Black
shank resistanasonferred byPhpandPhl has been introgressed into tabacunfrom
Nicotiana plumbaginifoligChaplin, 1962jandNicotiana longifbra (Valleau et al., 1960),
respectively Other genetic resistance to disease and pests such as wildfire, angular leaf spot,
blue mold, rooknot nematodg powdery mildew, tomato spotted wilt virus (TSWV), potato
virus Y (PVY), and tobacco cyst nematodavie been found iNicotianaspecies and
transferred tdN. tabacun(Lewis, 2005; Lewis et al., 2005; Lewis, 2011). The interspecific
transfer of disease resistance genes fKbcotianaspecies to cultivated tobacco sometimes
results in a block of genes fraitme donor species surrounding the gene of interest being
transferred (Wernsman, 1999). These alien chromosome segments often have significant
linkage drag associated with them. One such example getieN, which confersTMV
resistance via a hyperseing response (HR) and was transferretlitdabacunfrom N.
glutinosa(Lewis et al., 2005)N is located on chromosome H of the totmgenome, and has
historicallybeenassociated with reduced yields and/or quality in-tueed tobacco (Lewis
et al., 2@7). Other linkage drag associated has been documented with resistance to black
shank and black root roteviewed byLewis, 2011).

Although te transfer of genesdffectingdisease resistance from relatdidotiana

species t@ultivated tobacco has beewcessful efforts to transfer genes affecting
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guantitative traits has been much more lim{fdttrnsman et al., 1976). Weybrew and Mann
(1963) investigated the use of many differitotianaspecies as sourgef variationto
affecttobaccoproduction Wemsman and Matzinger (1966) proposed a breeding scheme
using hybrids of 8. tabacun® N. otophoraand 8xN. tabacun® N. sylvestrisasstarting

points to increase genetic variationaacco imprgement programs. Wernsman et al.

(1976) investigated the use f sylvestriggermplasm as a source of genetic variation

through he use of sytheticN. tabacun® N sylvestrishybrids, backcrosseand testcrosses.
They found that the synthetic populations had higher yields but lower levels of nicotine and
total alkaloids. It was concluded that the investigation did not provide complete infammati
on the nature and magnitude of the genetic variation produced in theses synthetic
populations. Oupadissakoon and Wernsman (1977) suggested the use of interspecific
hybridization of fluecured cultivars to their progenitor species as an effective way of
improving quantitative traitsThe study demonstratehat germplasm for the improvement of
guantitatively inherited genetic characters in tobacco can be successfully introgressed from
progenitor speciel. sylvestriandN. otophorainto the S and T genogs, respectively, of
cultivatedN. tabacumbDirect hybrids between flueured tobacco and diploid relatives will
never be commercially viable due to low cured leaf quality, however.

Synthetic Tobaccos

Synthetic allopolyploids that mimit¢ natural speciasan be generated, and studies
of newly formed species have revealed much variation in early gener@tionst al.,
2007).0Oneroute for gene introgression kb tabacunfrom closely related diploid relatives

is the creation of synthetic amphidiploid$éidaved by direct hybridization with tobacco. Two
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synthetic amphidiploids, TH32 4M( sylvestri$ N. otophord, and TH37 4X{. sylvestri$

N. tomentosiformjsare both mammade attempts, using modern day ancestoks tdbacum

to recreate hybridizatioeavens thatmay haveoccurredens of thousands of years g@urk,
1973). These two synthetic tobaccos were madegiycrossingN. sylvestrigmaternal

parent) with either of the two possible paternal paréhtsomentosiformisr N. otophora

which resulted in sterile interspecifia Rybrids This wadollowed by the generation of

callus culture of leaf midrib tissue on nutrient agdnich resulted in the spontaneous
chromosomes doubling of the interspecifichiybrids (Burk, 1973)Lim et al.(2007) created

a synthetic 4X{. sylvestri$ N. tomentosiformjstobacco and sl GISHto determindghat

the synthetic tobacco was tegpectedyenomic sum of its two parentopulations derived
from hybrids betweeN. tabacunandsynthetic tobaccohave alsdeen studied for
inheritance of genes affecting alkaloid accumulation (Mann and Weybrew, 1958a; Mann et
al., 1964). Matzinger and Wernsman (1967) evaluated heterosis and agronomic performance
of F1 hybrids derived from the crobgtweerN. tabacunmandKostoff's synthetic tobacco.
TheseF: Hybrids exhibited some heterosis for plant height but little heterosis for yield, leaf
number or days to flower. No study has been conducted to investigate gemidee
transmission genetics or heterotic effects for ghorate or yield in these materialoowever
Genomic comparisons of allopolyploid species and diploids most closely related to the
diploid progenitors provide an alternative method to study genome divergence (Lim et al.,
2007). Rapid genetic changes witlifliew generations haveendocumented for the

synthetic &(N. sylvestri$ N. tomentosiformjsamphidiploid produced by Burk (1973),

including restoration of fertility, intergenomic translocations, changes in structure and
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organization of ribosomal DNA, and loss of tandem and dispersed repetitive sequences
(Skalicka et al. 20032005; Petit et al., 2007). These findings are consistent with other
reported genetic changes that have occurred during early generations of additional synthetic
polyploids (Song et al., 1995; Ozkan et al., 2001).

Sequence divergence betweée¢ntabacunmand the progenitor species could affect
potential for recombination iN. tabacun® synthetic amphidiploid hybrids (Likarska et al.,
1996).Although 24 homologous pairs of chromosomes are typically obserhedabnacum
synthetic amphidiploid £hybrids, a number of factors could influence gene segregation and
genetic recombination isuch hybrids. Evidence from model systems has demonstrated that
recombination is strongly dependent upon the degree of sequence similarity and chromosome
synteny between parental lines (Liharska etl&96; Esch and Hor2008). Liharska et al.

(1996 reported that decreased recombination was observed when alien chromosomal
introgressions were preséantthe heterozygous stafehis could hfluence recombination
and the potential for successful gene introgression from the diploid relatives to cultivated

tobacco through the use of synthetic tobaccos.

HETEROSIS

Heterosis Phenomenon

Heterosis or hybrid vigor is the superiority in performance of heterozygous hybrid
individuals over theimid-parent values or theiromozygous parental inbred lines (Fehr,
1987h HockholdingerandHoecker, 2007; Hallauer et al., 2010). Hybrids can have inaease

performance for traits such as yield, speed of developmentas®) and fertility (Birchler et
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a., 2010). Heterosis can also contribute to improved drought toleraseasd resistance,
andothercharacteristics of economic interest (Duvick, 20@8lBterosis was first described

by Charles Darwin in 1876 after he observed that progeny of-podasated maize4ea

may$ were 25% taller than progeny of inbred maize (Dayw876; Hockholdingeand

Hoecker, 2007). The phenomenon was rediscovered independently by Shull and East in 1908
(Shull 1908; East 1908; Hochholdinger and Hoecker, 2007). The term heterosis was first
introduced by Shull in 1914 (Shull, 1948) toreplack e wor d fihet er ozygosi S

Heterosis Calculation

There are two types of proposed waysléscribe the heterotic resporgean
individual relative to its parentmid-parent heterosis and higlarent heterosis. Both are
measures are normally recorded geecent (%) heterosis. Migarent heterosis (MPH)
represents the performance of the hybrid that exceeds the average performance of the parents
per se (Fehr, 1987b; Hallauer et al., 2010PHMs calculated as:

MPH%:@%ﬁ&lom

where, k = paformance of the hybricand
MP = average of the parents per se (parent 1 + parent 2)/2
High, or best parent heterosis (HRl#)dicates thathe trait of a hybrid is superior to
that of thebetter of the two homozygous parental inbred lines (Fehr, 188¥iholdinger
andHoecker, 2007; Hallauer et al., 201HPH s calculated as:

HPH% = C22x 100

where, k = performance of the hybriénd
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HP =performance of thparent with the highest performance

Heterosis Hypothes

The heterosis phen@non has been exploited by breeders to enhance the
productivity of numerous crop and horticultural plants &nslthe principal reason for the
success of the commercial maize industry (Stuber et al., 1992; Stuber, 199phlI8&lfion
of hybrids overseveral generation leads to a gradual reduction of heterozygosity and vigor in
these plants, a phenomenon that is known as inbreeding depression (Hockhalatinger
Hoecker, 2007). Genetic divergence of paserded ircrosses is important f@xpression of
hybrid vigor(Hallauer et al., 2010). The gendhasisof heterosis has been widely debated
since Easand Shull first described the phenomenon t h e e &wolprgvailin@ 0 0 6 s .
hypotheses (the dominance and edeminance hypotheses) have predomirydmgien used
to explain heterosis (Fehr, 1987Bpth hypotheses descriliee importance ofion-additive
genetics to explain heterosis in hybrids between distinct homozygous parental inbred lines
(HockholdingerandHoecker, 2007). The argument for dominaheeg the cause of
heterosis ishe suggestion thabmplementatiownf different deleteriousecessivalleles
occurs in k£ hybrids between parental lin@Birchler etal., 2003; Lippman and Zamir, 2006).

In this scenariogetrimental recessive allelefsdm one parenare masked bfavorable
dominant allele(s) from the othparent When the two different alleles of various genes are
brought together, there is a combiradiglic expression (Birchler efl., 2003).The second
theory, overdominance, assuesaninteraction between alleles at one locTisis theory
assumes that at least at some loci, heterozygotesipeeior to either homozygote. this

secondheory, the combination of different alleles produces an interaction that causes gene

17



expressionn the hybrid to deviate relative to the npdrent predictionpossiby by up-

regulation of many housekeeping genes (Birchler et al., 2003; Lippman and Zamir, 2006).
The possible role of epistasis in the expression of heterosis also has been considered.
Epistasis involves the interaction of alleles at two or more loci that could result in phenotypic
performance that is superior to that which might be predicted based upon simple additive
effects at each independent loci (Fehr, 1987b). Dominance cdowgnance seem to

account for the majority of the increased performance of hybrid maize individuals, but
epistasis also likely plays a role in this boost in performade#guer et al., 2010

Heterosis in Tobacco

High levels of heterosis are typically nothébited by k hybrids between tobacco
lines of the same market type (Mann et al., 1962; Wernsman and Matzinger, 1966). Hybrids
between tobacco lines of different market types and diploid relatives typically exhibit greater
levels of heterosisSome hybrig betweerN. tabacunmand diploid relatives exhibit
appreciable levels of heterosis. Mann and Weybrew (1958b) foumgbFds betweeil.
tabacumandN. sylvestrigo have increased vigor over thparental linesMatzinger and
Wernsman (1967) also crosdhue-cured varieties with a series of diplditicotiana
relatives. They found heterosis for yield and number of leaves to be largest for crosses
involving possible progenitor species, particuldlyotophoraandN. tomentosiformis
Vandenberg and Matzieg (1970) found that hybrids between varieties of-lused tobacco
and tobacco introduction lines (TI) to exhibit low heterosis for yield. Legg et al. (1970) and
Matzinger et al. (1970) both investigated diallel crosses of burley tobacco and found that

heterosis for a number of traits in burleypaccaodiffers consideralyl from those studied in
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flue-cured varietiesgspecially foflowering time. Pooni et al. (1994) found significant
heterosis for a number of traits in a cross between a Germacufledvariety and a Swiss
burley variety. The relative low levels of heterosis irh{rids of fluecured tobacco may be
partially dueto its narrow genetic base, which arose as a resulbiodervativéoreeding

practices (Chaplin, 1966)

HERITABILITY

Estimaton Methods

Heritability is one of the key componemithe genetic gain equation. The
importance of heritability to the genetic gain equation is that it provides predictability.
Heritability is defined as the portion of the phenotypic variation amongithals that is
due to genetic difference among them (Fehr, 1987a). Heriyatdn be expressed in two
waysBr oad sense heritability (H), is %he rela
and t he phen cd gngnarcow sease headtabiitgthigthie relationship
between the addi ) vandenhbei phe®)dReqdd8e; v &r i an
Nyquist, 1991; Holland et al., 2003; Hallauer et al., 2010). Narrow sense heritability
represents the percentage of the total phenotypic variance that is attributable to the additive
effects of genes that are transmitted from the parent fortlyenydetermines the degree of
resemblance between relatiyvaad has the greatest practical importance in plant breeding
programs (Fehr, 1987a). Traits with low heritability are hard to breed for in early
generationsThe heritability of a trait cahe calculated by a number of methods and the

values obtained by each methodydiffer. The first method of estimating heritability uses
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the variance components obtained from analysis of variance (ANOVA) procedures (Fehr,
1987a). Using this methpdne carestimate heritability on a whole plot basis, on an entry
mean basior on a single plant basis. Other methods include pafésyring regression,
parentoffspring corelation, and realized heritabilityhe general formuléor realized

heritability ish? = R/S whereR is the response realized by selection Siglthe selection
differential (Fehr, 1987a). One method of estimating realized heritability compares the mean
performance of the selected plants and their progeny to the mean performanctantsall p

and progeny within a population. An alternative method for estimating realized heritability
involves selecting within a population for individuals with low and high values of a trait.
Realized heritability ishenexpressed as the difference in mpanformance of high and low
progeny divided by the difference in the mean of the parents (Fehr, 1987a). There are a
number of methods to improve the probability of success of selecting individuals that will
convey the traits of interest even at the eaélyagation of selecting, such as nearest neighbor
adjustment. The heritability of a trait is not a constant vdbeeisions made by the breeder

can influence the magnitude of heritability and the amount of genetic improvement obtained
from selection (Fehi987a).

Nearest Neighbor Adjustment

Total phenotypic variance comprised of three mainparts genot ypi’s}, vari a
envir onme n t?g,landwadance dua tgenotypdiby environmeiteraction
( %e). In order to estimate narrow sense ladility, a breeder must know the total
phenotypic variance as weflnadertthavearaddi ti ve

accurate estimation of the phenotypic variaooe must take into account limiting all
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chances of variability arising due tlee failure to treat each genotypéke, generally
referred to as experi ment %)l(Fere, n98%a). Nearest envi r on
neighbor adjustment is one such method that can improve estimation of pheantypic
geneticvariance, in turn providig better estimates of narrow sense heritability and realized
heritability. Soil spatial variability can have a confounding influence on attempts to
determine treatment effects using replicated field trials (Scharf and Alley, 1993). One way to
account fotthis spatial variability is by using systematically arranged check fdibts.

method of check plots involves interposing a grid of plots containing a standard treatment
among the plots of experimental treatments, and using the yields from neighborikg chec
plots to calculate a fertility index for each plot (Wilkinson et al., 1983; Basag and Kempton,
1986).In un-replicated field trials, adjusted individual plot yields can be expressed as a
difference or ratio of the plot fertility index (Basag and Kempi®86).

Selection Efficiency

Plant breedersftenselect individual plants amongsmall plots based on visual
observations or measured characteristics in the early generations of cultivar development.
The efficiency ofarly generatioselection for yied tends to be very low, and low or even
negative correlations between yields of single plants and their progenies have been reported
(Bos and Caligari, 2008alnefficiency of selection results from: apn-identical
reproduction, 2yariation in the quaty of the growing conditions, and 8)mpetition Bos
and Caligari, 2008b)dentical reproductiomccurs when the genotype of the offspring
obtained from some entry is identical to the genotype of its padtentidentical

reproduction is the opposite,cduthat progeny are not identically reproduced or remain
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unaltered in subsequent generatiddsy and Caligari, 2008bln the E generationmany

plants are heterozygous for many l@@me ofwhich may contribute to heterosis. If this is

the case, thenighly heterozygous fplantsmight be preferentially selecte&ndproduce

less heterozygous offspring whose performance is inferior when compared to their parents
(Bos and Caligari, 2008bY.ariation of the growing conditions is another factor that can
influence selection efficiency of single plants. Nearest neigatjoistmentdiscussed

earlier, is one method to account for this variation in growing conditidrese are other

factors that nearest neighbaljastmentcannot correct forhowever Selectiry for yield in an

early generation on an individual plant basis, in unreplicated field trials, can cause a tendency
to select plants with a high competitive advantage which can bias the actual yield potential of
that selected plant (Bos and Calgari, 2008a@mpetition is another cause of the low

efficiency of selection. In this case of selectiorefficiency due to plant competitipone

canselect on a plants capability to out compete its neighbor rather than the actual

performance of that individual grown in monoculture.

MOLECULAR TECHNOLOGY

Molecular Markers: Microsatellites

Mi crosatellites or Simple Seqguence Repeat
repeats of only a few base pairsg)l which are tandemly repeated throughout the genome.
Microsatdlites areubiquitous in eukaryotic genomes amglally highly polymorphic due to
the high level of variation in the number of repeats (Gianfranceschi et al., T@@§pare

useful for a variety of applications in plant genetics and breeding becaus# of th
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reproducibility and calominant inheritance (Varshneyal., 2005). Microsatellites markers

havebeen applied ttobaccofor multiple purposes, including the creation dinkage map
(Bindler et al., 2007; B i nsdclated witterésistance.ta 201 1)
black shank (Vontimitta and Lewis, 2013)d investigating issues related to genetic

diversity (Moon et al., 2009a, b). Transferabilityhftabacummicrosatellite markers to
otherNicotianaspecies has also been studied (Mebal., 2008).

Green Fluorescent Protein

Green fluorescent protein (GFP) is a fluorescent proteindissbvered and isolated
from theAequoregellyfish in 1961 by Shimomura et g5himomura et al., 1962; Chiu et
a., 1996; Siemering et al., 199@hegfp genewas first cloned in 1992 from the jellyfish
Aequorea victoriaand has since been used as a reporter gene in many different organisms
(Prasher et al1992 Chalfie et al. 1994). Thgfp gene is comprised of 238 amino acids
which codes for a 2KDa protein that fluoresces green when excited by an ultraviolet light
(360-400 nm) or blue light (44@80 nm) (nouye and Tsuji1994;Chiu et al., 1996;
Siemering et al., 1996). The gene originally cloned from jellyfish has several characteristics
thatmakeits usein plants impracticalThe naturaloccurringgfp gene has been optimized
using mutations, resulting in a newer version,nthgfp5-ER gene, which has better
expression and higher levels of fluorescence in plants. (Cubitt et al., 1995; @hju896,
Siemering et al., 1996; Haseloff et al., 1997). An endoplasmic reticulum (ER) targeting
sequence has been added togipagene, which results in protein concentration within the
lumen of the endoplasmic reticulum, instead of elsewhere in hgdeseloff et al. 1997).

The 1167T mutation has increased the amplitude of thendY&xcitation peak, which allows
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for equalized wavelength excitation at 40t and 475 1m, both of which are useful for
work in plants (Heim et al., 1994). In additiondmntaining the organelle targeted
modificationsand wavelength mutations, thegfp5ERgene also has two mutations,
V163A and S175G, that enhance the folding of the protein at higher temperfamihes
optimizing it for use in plants (Siemering et B96; Tsien, 1996).

Flow Cytometry

Chromosome counting in dividing cells is an unambiguous way to determine the
ploidy, or the number of basic chromosome sets in cell nuclei (Ochatt, Zb@8Mnethod
can be difficult, howevelnd tissues containing dding cells may not be readily available.
As nuclear DNA content correlates with ploidy, a high throughput solution was provided by
the Fl ow Cytometry (FCM) estimation of DNA c
measurement of the propies of isohted cells flowingn single file within a liquid sheath as
they are intercepted by a higfitensity light source focused amvery small region (Robinson
andGrégori, 2007)In ploidy analysis using FCM, an internal standard (i.e. sample with
known ploidylevel and/or nuclear DNA content) is run together with nuclei suspensions of
the genotypes to mnalyzed. Theatio of the G1 peaks are used to establish the ploidy level
of the materialinquestin ( Dol e g el ettt 20GB). Plaidy data Gendrated \Biagh a
FCM should be distinguished from that obtained via chromosome counting, by using the
prefix ODNAG6 (i .e. ODNA ploidyd), if the plo

(Dol e g e, 200} al
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HAPLOIDS
Mechanisms

Haploid plants possess the gametic chromosome numbeangwere first
discovered in Jimsonsed Datura stramoniuni.) by Blakeslee et al. (1922¢laploid plants
have since been well documented in numerous plant spEepkkid embryos can originate
directly from either maternal or paternal gametes bothtro andin vivo. Maternal haploid
embryoscan be producedirectly from the egg cethrough a process callggnogenesis, be
inducedthroughin vitro ovule cultureor arisethrough asexual development of any
gametophytic cell other than the egg tletbughapomixis. Paternal haploid embryos can
arise from microspore nuclei durimgvitro pollen or anther culture, or directly from the
male gamete nucleus (androgaspdaploids camlso arise duto chromosome elimination
in embryos of certain interspecific hybrids (Dunwell, 2010). Haploid plants can occur
spontaneously at low frequencies due to parthenoganasiany plant specie$n corn,for
example spontaneos haploids arising due to parthenogenasisequencies of
approximately 1 in 1,000 seeds (Chase, 1963).

Haploidplantsare most frequently used as intermediates in doubled haploid breeding
which can dramatically reduce the time required to developimawd lines from breeding
crossegLewis and Rose, 2011). Haploid plants eésobeusedasasource of explants for
plant transformatioexperimentswheresubsequenthromosomeloubling of transgenic
haploid individuals results in transgenic lines tth@ainot segregate for what are often
multiple transgene insertions (Lewis et al., 2007; Lewis and Rose, 2011). Haploids can also

be used to develop alloplasmic lines in situations where haploid pollen nuclei can be induced
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to develop into embryos insideetlcytoplasm of a cell from the maternal parent, which can
facilitate rapid conversion of elite parental lines of naviaybrids to cytoplasmic male

sterility (Chase, 1963; Goodsell, 196 ewis and Rose, 2011). Tobacco has been used as a
model system in loid and doubled haploid research (Wernsman, 1992). Abundant tobacco
haploids can be produced using anther or microspore culture (Nitsch and Nitsch, 1969;
Belogradova et al., 20090 addition haploid plants can bisolatedusing theN. tabacum

3 N. afrcanainterspecific hybridization of Burk et al. (1979)

Doubled Haploids

The primary method for chromosome doubling haploid plants in most systems
requires the application of colchicine to seeds or seedlingsbacco, the use of colchicine
is limited due to erratic results (Burk et al., 1972). Thereftre most commdg used
methodto double the chromosome number of haploidaccoplants is the leaf midvein
tissue culture described by Kasperbauer and Collins (1972). The most important advantage to
usng doubled haploids is that completely homozygous progeny can be obtained in less than a
year, saving time and money for a plant breeding progréme generation tim#or tobacco
is typicallybetween 120 to 170 days in the field or greenhouse (Lewis ammb#le, 2009).
Using a doubled haploid breeding technique, a tobacco breeding program can save a large
amount of time on inbreeding.

Paternally Derived Hploids

Haploid plants can be produced from microspores through anther or pollen culture
(Nitsch andNitsch, 1969; Belogradova et al., 2009). In this metlanthers are collected in

the mitotic metaphase stage of microspore development and cuftwigw to induce
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haploid plantlet formation (Nitsch and Nitsch, 1969; Wernsman, 1992). The vegetdtive cel
of type | pollen undergoes a transformation from a gametophytic to a sporophytic role, in
which an embryoid is formed from the mass of haploid cells followed by the separation of
the embryoid from the rest of the pollen components when theyeid conssts of
approximately 2€80 cells (Dunwell and Sunderland, 1974a; Dunwell and Sunderland,
1974b; Dunwell and Sunderland, 19.7Bhojwani et al(1973 provided evidence that the
RNA and protein content per grain at the first mitosis of the vegetative suslaatually

lower than at the first pollen mitossuggesting degradation of the cytoplasm during the
inductive period. The anther culture method has reduced utility for tobacco cultivar
development, however, because of undesirable genetic changes suoplification of

nuclear DNA that can occur during the anther culture process (Wernsman, 1992). Reed and
Wernsman (1989) reportedatiyield losesassociated with anther culturermassociated

with increassin nuclear DNA content of the doubled haglénes as a result @NA
amplification without chromosome number changes. The nature of the amplified DNA is
remains unknown at the current tinnewever.

Maternally DerivedHaploids

Maternally derived orgnogenic haploids arise from the female gametea plant.
For applied cultivar development purposes in tobacco, the most common method of
producing gynogenic haploids is the interspecific hybridization method of Burk et al. (1979).
This method has been widely adopted for haploid identificaloafricana (2n=46) was
found on several isolated mountains in the middle of Namibia (South West Africa) by

Merxmuller in 1975 (Burns, 1982; Kramer and Reed, 1988). In this sybtetabacums
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hybridized as a female witl. africana This is a serriethal coss, and the vast majority of
progeny, over 99%, die at the seedling stage (Kramer and Reed, 1988). Surviving seedlings
are a mixture of various aneuploidIybrids and gynogenic haploids. These haploids are
believed to be produced via parthenogenest nah by chromosome elimination (Burk et

al., 1979). The separation of haploids from aneupleidyBrids can be aided by

observations of guard cell density, leaf shape, trichome density, and other factors (Burk et al.,
1979) The processf identifying haloid individuals from aneuploidifhybridsat the

seedling stage can be challenging, howevercandoe considered an art (R.S. Lewis,

personal communication, 2014). Kramer &ekd (1988) reported that nullihaploids may

have been produced using thisirgpecific hybridization method, but may not have survived.
These authors algeported on the first haploid of. africang a 23chromosome paternal

haploid from this interspecific hybridization procedure. The authors suggested that this
paternal haploiérose either due wegeneration ahe egg cellor the pollen tube failing to
openand thusstimulating one of the male gametes to devaiogitu.

Parthenogenesis

As with many crop species, haploid tobacco plants can also occur spontaneously at
low frequencies in selfed and crossed progeny as the result of parthenogenesis (Lewis and
Rose, 2011). Haploid plants of parthenogenic origin have been known in tobacco for
decades, buintil the discovery of the interspecific hybridization method of Burk et al.
(1979)it was difficult to identify them at the seedling stage in useable am@etsisman,
1992). Interspecific crosses appear to stimulate parthenogenesis and, in most examples,

fertilize the polar nuclei so that an endosperm is prod(ldest al., 2009. Gynogenesis is a
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form of parthenogenesis that is stimulated by the presence of a sperm cell. Gynogenesis in
plants is defined as a form of asexual reproduction, which has the ability to produce an
embryo originating exclusively from the egg cell (Liaét 2009).

Chromosome Elimination

After successfuinterspecific fertilization, two different parental genomes are
combined within one nucleu$hisunique genomic composition may result in intergenomic
conflicts leading to genetic reorganization andamsane elimination(Riddle and Birbler,
2003; Gernand et al., 2005). Chromosome elimination is the selective elimination of one
parental genome following fertilization. Complete uniparental chromosome elimination
occurs in some interspecific hybrids beem closely related species, such as Barley
(Hordeum vulgarg® Hordeum bulbosurtKasha and Kao, 1970; Subrahmanyam and Kasha,
1973; Finch, 1983)naize Zea mas) 3 oat(Avena sativa(Riera Lizarazu et al., 1996),
maize Zea mgs) 3 wheat(Triticum aestvun) (Laurie and Bennett, 198%ndwheat
(Triticum aestivumn?® pearl millet(Pennisetum glaucuniGernand et al., 2005%everal
hypotheses exist to explain chromosome elimination during hybrid embryo development in
plants. One hypothesis to explain firecess of chromosome elimination is differences in
timing of essential mitotic processes due to asynchrorellsycles (Gupta, 1969). Gupta
(1969 attempted to estimate the generation tohthe mitotic cycleandtime intervals for
theGy, S, and Gphasesn N. plumbaginifoliaand in a hybrid derivative di. tabacun® N.
plumbaginifoliato see if @ime difference between the two species was responsible for

chromosome eliminatiorlhe author found a difference in the intervals of the mitotic cycle
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between the two species and suggested that DNA replication of thetaiegnosome oN.
plumbaginifoliain theN. tabacummucleus may be controlled by three possible mechanisms.
It could notbe conclude& which possible mechanism was responsible for chromosome
eliminationwithout further study on the replication patternshaN. plumbaginifolia
chromosomes ii. tabacumrmucleus however Bennett et al. (1976) reported thht
bulbosunrequires more time to complete a cell cycle tHawulgare but this time

difference did not play a major role in chromosome eliminatiohiginterspecific cross.
Instead, the authors suggested that chromosome eliminatitordeumhybrids may be

caused by disturbed control of protein metabolism in hybrid seeds or bétdudbosum
chromosomes are less efficient thdnvulgarechromosoms at forming normal attachments
to spindle proteins. Anothéypothesigo explain chromosome eliminatiovas

demonstrated by Laie and Benneit1989 who found that maize chromosomesvheat®
maizeembryoswere lost because they failed to move to the spindle poles during cell
division, presumably because their centromeres failed to attach to the spindle microtubules
Finch (1983) reported that selective uniparental chromosome eliminatibrvirigare® H.
bulbosumembryos was primarily due to specific suppression of genes involved in
centromere function. Sanei et al. (2011) also studied the selective uniparental chromosome
elimination of paternal chromosomesHhfvulgare® H. bulbosunembryc, and determined
that the loss of centromespecific histone H3 variant (CENH3) is involved in the process of
uniparental chromosome elimination. Ravi and Chan (2010) found that haploid plants of
Arabidopsis thalianaan be generated through uniparentabmosome elimination by

manipulating the centromespecific histone, CENHS3.
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An additionalhypothesigelated tochromosome elimination includes the formation
of micronuclei followed by selective removal. Gernand ef24l05 found thatfollowing
succesful wheat pearl millethybridization, there waselective elimiation of pearl millet
chromatin from the nucleus. This occurred duth&formation of micronucldbllowed by
the extrusion othe pearl millet chromatin fronthe hybrid nuclei during iregrphaseThe
authors suggested this phenomenas consistent with the formation of micronuclei in
mammalian tumor cells during interphasdich suggest that this may indicate an
evolutionarily conserved process that allows intact maternal chromatin/DdlAlin
chromatin/DNA to be distinguished and the latter to be removed from the n(Gkeusnd
et al., 2005). These authors also demonsttagtduniparental chromosome elimination in
developing hybrid embrya®sulting fromwheat® pearlmillet crosse®ccurs inacomplex
stepwise manner. The authors confirmed that mitotic chromosome elimination starts
immediately after fertilization, but they found chromatin of both parental species still present
in matue embryos. This is simildo observations of Laurie and Benn@i®89 in wheat®
maize crosses. Those authors observed the initiation of chromosome elimination during early
embryogenesis through the formation of micronudichida et al(2004), using whole
mount GISH in wheat maize embryos in the first zygotic divisi@di 28 hours after
crossing, showed that some maize chromosomes lagged behind at mefapssisie
resulting in the elimination of those chromoson@ther hypothess to explain chromosome
eliminationinclude formation of micronuclei during mitosis in early hybrid embryos (Kasha

and Kao, 1970)hefailure of chromosonsto initiate or complete either congression at
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metaphase or migration to the poles at anaphase (Bennett et al., 1976), and the degradation of
alien chromosomes by hespecific nuclease activity (Davies, 1974).

Partial elimination of chromosomes from one parent has also been documented in
plant interspedic crossesThe possibility of maize DNA being present in wheat haploids has
been debatelut there has been limited investigation of this possibility and the results are
inconsistent (Dunwell, 2010). Chen et @998)providedRFLP evidence for the transfer of
maize specific DNA fragments to wheat haploids. However, Brazauska$29G) found
no evidence of maize DNA introgressimno wheat haploidsThe presence of maize
chromosomes in odtmaize derivatives indicates that maize chromosome elimination in oat
3 maize crosses is not always completad the presence of maize chromosoo@shave
deleterious effects on the growth and vigor of some plants (Riera Lizarazu et al., 1996).
Laurieand Bennet{1989 suggested thaeven if wheat maize hybrids are karyotypically
unstable, it may still be possible to transfer segments of maize DiNw Wheatgenomeby
inducing intergenomic translocations prior to the elimination of the maize osmnes. The
initiation and timing of chromosome elimination greatly affects the chances of possible
intergenomic translocation. Gernand ef(2005 observed late completion of chromosome
elimination in wheat pearl milletembryosand suggested that thisight increase the
potential for chromatin introgression from peaillet into wheat. Li et al(2009 proposed a
model of maternal haploid induction in maize. In this model, there are five possibilities for
haploidization when chromosome eliminatiomnigolved: (1)pure haploids resulting from
completechromosomelimination during the very early stad2) haploids with paternal

DNA introgression resulting from incomplete chromosome elimination during the early
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stage (3) pure haploids resulting fronomplete chromosome during the late stage with
paternal gene expressiqd) haploids with paternal DNA introgression resulting from
incomplete elimination during the later stage, with more paternal gene expression and more
genomic introgressigrand (5) pue haploids resulting from single fertilizatiohhey could

not concluddrom their findings whether or nbaploids arise due to chromosome

elimination or parthenogenesis and suggested that a cytological investigation was needed to
determine the exact press of haploid developmeimifferences in timingof DNA

replicationfor the chromosomes gfarental species in an interspecific crosght also exist

and play a role in the transfer diromosome segments of one parental species to the other
during chranosome elimination. Gernand et @005 suggested that the selective

degradation of pearl millet chromosomes could be triggered by asynchronous DNA
replication of the two parental genomes. Inhibition of DNA replication induces DNA double
strand breaks,anome rearrangements, and deletions (Michel, 2000), which suggests that
differential timing ofDNA replicationcould contribute to chromosontgeakage

Asynchronous DNA replication or lack of coordination in other related cell cycle events may
induce DNA lreaks, cause gross structural chromosome changes, and thus compromise
genome stability (Ravi and Chan, 201Sgvertheless, chromosome elimination following
interspecific hybridization in planteay involve severadomplex mechanisms that are not

fully understood to date.

Haploid Identification

For practicauseof haploid plantsn a plant breeding program, an efficient method is

needed to identify them at the seed or seedling stage (Forster et al., 2007; Dunwell, 2010,
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Lewis and Rose, 2011). In many csagpeciesthe main method of identifying haploids
individuals involves the use of a visual genetic marker(s) that affect the seed or seedlings
such as color, fitness, or disease resistance. In corn, one early genetic marker used to identify
haploid seedwas a Stoct6 line with aCC gene that results in a colored scutellum
phenotype. ie necessary markers were neither present nor desired in agronomic lines
however, andhaploids derived from this system weherefordimited to experimental
studieg(Coe ad Sarkar, 1964). This was replaced with the marker geng Rfich has

been widely used for identification of haploid kerngdsivedfrom crosgs withthe Stock6-
derived inducing line (Chase, 1969; Li et al., 2009). Greenblatt and Bock (1967) fdst use
the R1nj geneas a dominant aleurone and embryo pigment gene. In potato, a purple embryo
spot marker has been deployed to identify spontaneous haploid individuals at timg seed
stage (De Maine, 2003). In tobacco, de Nettancourt and Stokeg €986ted the
hypersensitiveéeaction to tobacco mosaic virus (TMV), a dominant traitferred by the
resistance gené|, in a system to identify haploid tobacco individudleeir screening

method for haploid individuals involved the inoculation of all plamts TMV. Haploid
individuals ) are susceptible to TMV and do not exhibit the hypersensitive response
reaction. This system has limitations due to the fact that you have to inoculate individuals
with a pathogen that can be devastating to tobacco anthihaystem would not work to
generate TMVresistant individuals. Burk (12p discovered that haploidg both maternal

and paternabrigin could be identified through the use of a recessive yellow seedling trait. A
line homozygous for a recessive allateheyellow greenyg) locus was crossed botk a

female andaisa male to tobacco of the normal genotyfagY g Haploid individuals could
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then be identified due to their yellow green)(phenotype versus thmeajority of green I
seedlingsYgyQ. The Imitation to this system is that only haploids with the yellow green
(yg) are produced and no commercial tobacco cultivars are of the yellow goggh (
genotype (Lewis and Rose, 201Rglletier et al(1987) investigated the use of a single
dominant muation designated d@&ac which results irplants whichareunable to form

normal roots. This method was used to identify both gynogenic and androgenic haploid
individuals. In this systepmthey used the 36AF25 (Xanthi cv.) line, homozygous foRae
gene which was grafted on to a normal root cultivar, as either the female or male parent.
Seeds resulting from either cross were sown on sand invgbtsnoisture levels being
precisely controlled for the first two to three weekter emergence of the sewd leaf
waterlevels wergeduced to arrest the growth of rootless plants. This provided a useful tool
for identifying haploids. The drawback to this system is thaR#&/Rac individuals must

be grafted onto a normal root plant to produce pollen aad.4 ewis and Rose (2011) used a
purple seedling trait to identify gynogenic haploids at the seedling stage. Through the
overexpression of th&rabidopsisgene PAP] the authors were able to identify haploid
plants at the seedling stage. As a resuRAIP1 overexpression, nehaploid seedlings

become intensely purple within approximately one week of germination while haploid

individuals remain green, facilitating rapid identification of haploid individuals.

HYBRID LETHALITY REACTION

Lethality ReactioriMechanisms
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Hybrid lethality is a mechanism of reproductive isolation among distantly related
species and is a sexual barrier preventing wide hybridization (Stebbins, 1958; Mino et al.,
2002, Yamada et al., 1999). In plants, the process results in thialodra zygote after
fertilization in the embryo sac and/or cell death in the tissue of hybrid seedlings after
germination (Adachi, 2001; Mino et al., 2002). This mechanism can be a barrier for the
introduction of desirable genes into cultivated spettiesugh interspecific crosses and/or
wide hybridization. Several sexual barrieesprevent thegeneration of interspecific hybrids
in Nicotiana Sexual barriers can be classified broadly into four types: (1) poikih
incongruity, (2) ovule abortior{3) hybrid lethality, and (4) hybrid sterility (Tezuka et al.,
2007). Hybrid lethality is a commonly observed postzygotic barriet hybrids from
interspecifichybridizationsbetweerN. tabacumandNicotianaspecies in the section
Suaveolented his type of postzygotic barrier is a genetic incompatibility, generally called
Ohybrid necr osi sandisdefined pyta set a phanetgk characterjstics
that are similar to those associated with responses to environmental stresses, including
pathogen attack (Bomblies and Weigel, 2007). Hybrid necrosis is associated with phenotypes
that include cell death, tissue necrosis, wilting, yellowing, chlorosis, dwarfism, and reduced
growth rate, all of which often result in lethality (Bomblies and We2@07) The hybrid
lethality symptoms expressed in interspecifidifbrids ofNicotianahave been
characterized into four distinct classes as follows:

Type I: browning of the shoot apex and the root tip,

Type 1lI: browning of the hypocotyl and the roots

Type llI: yellowing of the true leaves, and
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Type IV: formation of multiple shoots (Yamada et al., 1999).
Systems exist tovercome the Type | and Type Il lethality reactions and inv¢lMe
culturing hybrid seedlings under high temperatures to sapphe lethality, (2) culture of the
cotyledonary segments of the hybrid seedlings to obtain regenerates overcoming the lethality,
and (3) culture of the hybrid seedlings on a medium containing cytokines (Yamada et al.,
1999). Tezuka and MaruhagR004) suggested thatytorid lethality of at least Types Il and
[l seem to invove programmed cell death (PCProgrammed cell death (PCD) in plants
has been revealed as a role in defense against pathogens and is expressed during the
hypersensitive response tetpathogens invasion (Jones, 2001). These observations indicate
that hybrid lethality is genetically controlled. Genes in the géhestianathat cause hybrid
lethality have not been identified and the number of such genes is still unclear (Tezyka et al.
2007).

In some interspecific crossés/brid lethalityacts as darrier to genetic transfers
from one species to another. In most interspecific crosses, the goal is to transfer desirable
traits from a wild related species to a cultivated crop spddigserous examples of
interspecific gene transfer existhicotiana Kostoff (1930) reported that some interspecific
cross combinations amomgcotianaspecies, including the cross betwéérsuaveolenand
N. tabacumexhibited hybrid lethalityN. suavea@nsis in the sectiorbuaveolentesvhich
also includedN. africana Marubashi and Onnosato (2002) reported that the Q chromosome
of N. tabacumnis responsible for lethality in the croNs suaveolen% N. tabacumGerstel et
al. (1979) investigated the @dmosome involved in the hybrid lethality reaction betwiden

tabacumandN. africanausing the 24 monosomic linesftabacunc ul t i var &6 Red
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Russiand. The greatest number of N yabacumd
Haplo-H (2n=47) was pdinated byN. africana,where68.6% of the seedlings survived to
maturity. This percentage &pproximatelythe same as the 70.4% female transmission rate of
Haplo-H determined previously by Clausen and Cameron (1%3dnstel et al. (1979)
suggestedhatone or more genes on the H chromosomid.dhbacunare involved in the

expression of the lethality reaction in hybrid seedlings.
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ABSTRACT

The main objectives of a tobacco breeding program are to continually improve yield
and disease resistance while maintaining or enhancing leaf quality. The availability of
favorablegenetic variationnfluencing these &its and their interactions servesetthance
opportunities for success. Diploid progenitor specidsiobtiana tabacuncould be a source
of desirable genetic variability. Some hybrids betwietabacurmand diploid relatives also
exhibit noticeable levslof heterosis. Direct hybrids between flueed tobacco and diploid
relatives will never be commercially viable, however, due to low cured leaf quality. A
number of pathways exist for transferring genetic material from diplmdtianarelatives to
cultivated tobacco, including the creation of synthetic tobaccos followed by direct
hybridization withNicotiana tabacumWe investigated the relative degrees of heterosia for
series of quantitative traits such crosses, and also the potential for transgefavorable
alleles influencinggrowth ratefrom synthetic tobacco to cultivated tobacco through
heritability and genetic mapping experiments. To determine the relative levels of heterosis, a
series of hybrids between fhoeired tobacco cultivar K 32éd diverse lines (including two
synthetic tobaccos) were produced and evaluated for, geddith rate and other important
guantitative traitsA few hybrids, including those involving the synthetic tobaccos, exhibited
significant midparent heterosi®r most traitsHigh correlations were observed for
measured traits betweéwpped and untopped plants.ifdividuals and derivedJzfamilies
from the cross between K 326 amg{M. sylvestrisx N. otophord were evaluated for growth
rate in field experimets, and the realized heritability on a singlant basis for this trait was

found to be very lowr¢ = 0.14). Because of likely chromosomal structural differences
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between moderdayN. tabacumand the 4(N. sylvestri$ N. otophorg synthetic tobacco,

we used microsatellite markers to study the transmission geneticshh takacun® 4n(N.
sylvestriss N. otophorg F2 populationand to evaluate the relative importance of dominance,
overdominance, and epistasis associated with heterosis in this Redasve to previously
reported recombination distances determined for populations derivedNfrtabacumx N.
tabacumcrosses, pairwise maker distances were smaller for the studied population, and a
reduced overall map length was observed. Although arghsxtreme restrictions in the
potential for recombination were not identified, larger population sizes may be required to
break linkages between favorable and unfavorable alleles contributed by the synthetic
tobacco source materi@everal QTL affectig yield, growth rate, leaf number, and plant
height were identified. A range dffa| ratios were observed at marker loci significantly
associated with each trait, with the majority suggesting the importance eda@wénanceas

an important contributor tbeterosidor yield, growth rate and plant height while epistasis

and overdominance were important contributors to days to flower and leaf number.

INTRODUCTION
Tobacco KNicotiana tabacunt..) is an amphidiploid (8=48) crop species that arose
by chancénybridization between twor224 progenitor species followed by chromosome
doubling (Goodspeed 1954; Gerstel and Sisson 1995; Lewis 2011). Overwhelming genetic
evidence suggests that an ancestor of prafgntl. sylvestrig{2n=24) contributed the
cytoplasmand chromosomes of the 6S6 genome ( Good:

al., 1985; Olmstead and Palmer, 1991; Kenton et al., 1993; Aoki and Ito, 2000; Chase et al.,
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2003; Yukawa et al ., 2006). The wexagreatly or i gi n
debated, but a member of the section Tomentosae, of WhitcmentosiformiandN.
otophoraar e member s, was the | i kely donor of the
1941; Gerstel and Phillips, 1958; Gerstel, 1960; Burns, 1966; SheenV¥6ifisman et al.,
1976; Murad et al. 2002; Sierro et al., 202814. Goodspeed (1954) argued that
otophorawas the most likely paternal progenitor species, but experiments of Gerstel (1960)
favoredN. tomentosiformias being the closer relative kb tabacun. Likewise, Sierro et al.
(2013 2014) provided genome sequence information suppoitirtgmentosiformias being
the donor of the paternal genome. Other mol e
have derived from an introgressive hybrid bednwi. otophoraandN. tomentosiformis
(Kenton et al., 1993; Riechers and Timko, 1999; Kitamura et al., 2001).

In the origin of a species suchldstabacumthe interspecific hybridization of two
divergent diploid species followed by chromosome doublinge R hybrid to the tetraploid
state would have been expected to produce a polyploid spshieb would have been
largely isolated reproductively from its diploid progenitors (Wernsman et al., 1976). There is
limited information on the number of tim#ss interspecific hybridization event may have
occurred, or if there was any ensuing gene flow from other species. A strong genetic
bottleneck likely affected genetic diversity in initial population®Nofabacumand it is likely
thatonly afractonof he genetic variability that existe
pools ever entered into modedlayN. tabacum(Lewis and Nicholson, 2007; Moon et al.,

2008).
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Another issue affecting genetic variability over time was the establishment of
differentmarket classes of tobagaghich emerged in response to consumer preferences for
numerous tobacco uses (Lewis, 2011). The genetic characteristics of each market class are
generally unique, which limits the amount of germplasm of one class that canragetbie
a second class without adversely affecting leaf quality (Wernsman and Rufty, 1987). With
the application of scientific plant breeding methods, there has been very little digression from
each mar ket cl assods ger mplceossesinrutodr when choo
development as evidenced by data showing a very high degree of genetic relatedness
between tobacco varieties within certain market classes (Murphy et al., 1987). Consequently,
modern fluecured and burley tobacco germplasm pools wetialiy very narrow and have
becomancreasinglynarrowover time (Moon et al., 2009a; Moon et al., 2009b). Lewis and
Nicholson (2007) raised concerns about the degree of genetic variability remaining within
elite germplasm pools on which to base furthgoriovements in yield, disease resistance,
and quality for this economically important commodidyploid Nicotianarelatives could be
a valuable source d&vorable genetic variation affecting growth rate, yield dis¢ase
resistanceWhile N. tabacundiploid relatives have been successfully used as sources of
disease resistance, their use as sources of variatfamorably affect quantitative traits has
been much more limited (Lewis, 2011).

DiverseNicotianadiploid relatives may also be useful for ithgotential in
influencing heterosis in cultivated tobacd@te main goals of a tobacco breeding program
are to develop varieties that are higher yielding while maintaining or improving quality and

disease resistance. Heterosis is one phenomenon utilipeahy crop species to contribute
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to the development of highgrelding or faster growing cultivars, and is the principal reason
for the success of the commercial maize industry (Stuber et al., 1992; Stuber, 1994).
Heterosis or hybrid vigor is the supefitg in performance of heterozygous hybrid
individuals for traits such as yield, speed of development, biomass, and fertility as compared
to their parental lines or their mphrent values (Fehr, 1987b; Hockholdinger & Hoecker,
2007; Birchler et al., 201®allauer et al., 2010 -he amount of heterosis exhibited by F
hybrids is influenced by th@egreeof genetic diversity between the parents (East, 1936;
Cheres et al., 2000; Riaz et al., 2001; Lippman and Zamir, 2006; Troyer, 2006; Fu et al.,
2014). Theavailability of genetic variation within a species germplasm pughtincrease
the chances of successfully improving a crop species through the exploitation of heterosis.
High levels of heterosis are typically not exhibited hyn¥brids between tobacco

lines of the same market type (Mann et al., 1962; Wernsman and Matzinger, 1966), although

the economic importance of even a small amount of heterosis for yield should not be ignored.

Hybrids between tobacco lines of different market types typically eddribater levels of
heterosis (Aycock, 1980). The low levels of heterosis observed in eadguiad and burley
tobacco hybrids were generally not considered great enough to justify the pursuit of
commercial khybrids. Instead, pusine varieties wer¢he main focus of early breeding
progr ams. Since t he 1 %@ddautyar rbleases hawe been aintbes t
cytoplasmic malesterile, i hybrid type. The reasons for this are not mainly due to heterosis
itself, but mostly due to the inhereefficiency of deploying certain dominant disease

resistance genes theheterozygous condition, and because rsédeile hybrids provide a
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mechanism for protection of intellectual property in the international seed market (Wernsman
and Rufty, 1987).

Because Fhybrids are the main type of cultivar now being commercialized, there is
interest in investigating and utilizing genetics that might contribute to heterosis for growth
rate and yield in tobacc&ome hybrids betwedd. tabacunmand diploid relaties exhibit
appreciable levels of heterosiann and Weybrew (1958b) found ybrids betweeil.
tabacumandN. sylvestrigo have increased vigor over the parental liffezne considers the
number of days from transplanting to flowering as a measutedéngth of the vegetative
growth period, the average daily production of harvestable yield can be computed by
dividing yield by days to flower, and referred to as growth rate (grams’pdayt). For a
species grown for its vegetative parts, growtk ima component of yieldMann and
Weybrew (1958b) found the interspecificlybrids to produce more leaves per hectare per
day as compared with the parental linedlofabacumMatzinger and Wernsman (196als0
crossed fluecured varieties with a ges of diploidNicotianarelatives and found heterosis
for yield and number of leaves to be largest for crosses involving possible progenitor species,
particularlyN. otophoraandN. tomentosiformisThe relative importance of dominance,
overdominance, athepistasis in observed cases of heterosis involving hybrid$\with
tabacunrelatives has not been studied.

A number of pathways exist for transferring favorable genetic variability to
tabacumfrom species closely related to its dipldiccotianaprogenitors. Direct
hybridization betweeN. tabacumandN. sylvestrior several species from the section

Tomentosaean result in Fhybrids with very low levels of fertility that might be back
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crossed tdN. tabacum(Mann et al., 1963Most strategies, howeyv, have involved the use
of chromosome doubling agents to produce materials with much greater levels of fertility and
that offer higher chances of germplasm transféf.ttabacumn breeding schemes (Chaplin
and Mann, 1961; Mann et al., 1963; Burk ancflim, 1979). Fertile synthetic allopolyploids
can be generated by doubling the chromosome numberhybFids betweeiN. tabacum
and the closely related donor species. Fertile sesquidiploids intermediates can also be
produced by first doubling the chrosmme number dfl. tabacunto produce the
allooctaploid (&) form prior to hybridization with the diploid relative. These intermediates
can then be used as starting points for a series of backcrossds.tadacumn order to
incorporate germplasm frorhé diploid relative into the genome Nf tabacumThis method
was studied for its effectiveness in transferring favorable alleles affecting quantitative
characters to cultivated tobacco from its diploid relatives (Wernsman and Matzinger, 1966;
Wernsman eal., 1976; Oupadissakoon and Wernsman, 1977). Oupadissakoon and
Wernsman (1977)bserved significant heterosis for yield in crosses involving species
derived lines{. tabacumniines with introgression fror\. otophoraandN. sylvestris
Although this mdtod might have limitations for introgressing germplasm from diploid
relatives due to preferential pairing betw@&ertabacumhomologues, Wernsman et al.
(1976) suggested the breeding technique could be useful for broadening the genetic base.
Because of th high degree of genetic similarity between commercial varieties of
flue-cured tobacco, and the fact that early methods of increasing genetic diversity have
limitations, alternative routes for introgressing desirable genetic variatioN in&dacum

mightbe investigated. An alternative route for gene introgressiorNintabacunfrom
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closely related diploid relatives is the creation of synthetic amphidiploids followed by direct
hybridization with tobaccdSynthetic allopolyploids that mimic the naturpkesies can be
generatedSeveral synthetic tobaccos are readily available, and two in particular, TH32
[4X(N. sylvestri$ N. otophord] and TH37 [4(N. sylvestri$ N. tomentosiformj$, are ma-
made attempts to recreate the hybridization event that occurred some time ago (Burk, 1973).
Utilization of N. tabacun® synthetic tobacco populations might contribute to greatetdev
of genomewide introgression.

AlthoughN. tabacun® synthetic tobaccoFybrids have been evaluated for
agronomic performance (Matzinger and Wernsman, 1967), and derived populations have
been studied for inheritance of genes affecting alkaloid acatioml(Mann and Weybrew,
1958a; Mann et al., 1964), no study has actually been conducted to investigate-gaét®me
transmission genetics or heterotic effects for growth rate or yield in these ma@vrerishe
past 100,000 to 200,000 yedtsere haveikely been numerougenomicchanges in bothl.
tabacumand the progenitor species used to creatsyhthetic tobacco. Consequently, there
are most likely differences in chromosomal structure in addition to other genetic
dissimilarities between modedayN. tabacurmand the two synthetic tobac;oTH32 Bx(N.
sylvestris N. otophor3], and TH374x(N. sylvestri$¢ N. tomentosiformj$. For example
in modern fluecured tobaccaBindler et al. (2011) found four large genomic translocations
bet weenandhebdT66S6genomes. Al so, Kenton Net al
tabacumcultivars each had up to 9 homozygous translocations between chromosomes of the
0S6 and 0Thése dgfferancas eosld influence recombination and the potential for

successful gene introgression from synthetic tobaccos into cultiMateddacum
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The objectives of this work were to: (1) evaluate the relative levels of heterdsis in
tabacumhybridsand hybrids involving synthetic tobacdos a series of quantitativteaits in
topped and untopped plants (2) investigate the potential for transferring desirable genetic
variability affecting growth rate from synthetic tobaccd\taabacum(3) investigate
genomewide transmission genetics in angopulation derived fnm a synthetic
amphidiploid® cultivated tobacco cross to gain further insight on the recombination potential
betweerN. tabacumand synthetic tobaccpand (4) gain insight on the importance of
dominance, overdominance, and epistasis associated with heterobistabacun®

synthetic tobacco cross.

MATERIALS AND METHODS

Preliminary Investigation of Heterosis for Growth Rate and Yield

Genetic Materials

In order to determine the relative levels of heterosis for growth rate and yNld in
tabacumand in hybrids involving synthetiobaccos, flueured tobacco cultivar K 326 was
hybridized as a female with a diverse series of eight lines. These lines includedréide
tobacco cultivardC 606, Coker 176, Speight 168, and K 346; dark tobacco cultivar Narrow
Leaf Madole; cigar wrapgr tobacco cultivar Connecticut Shade 8212; and the two synthetic
tobacco lines ¥N. sylvestrisx N. otophora and 4«(N. sylvestrisx N. tomentosiformijs
(designated as TH32 and TH37, respectively, in the United $ateBanaGermplasm

Collection).
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Field Evaluation

The eight i hybrids and their parental lines were evaluated for growth rate and
agronomic characteristics in three North Carolina field environments (Upper Coastal Plain
Research Station, Rocky Mount; Oxford Tobacco Research StationdQafat the Central
Crops Research Station, Clayton) during the 2013 growing season (Table 2.1)plosplit
design was used for each environment, with four replications per enviroriviantplos
consisted of topping (removal of apical meristem) versd®pping, while subplots
consisted of genotypes that were randomizedimvitiain plots. The motivation for
evaluating these materials under the two different topping regimes was to determine whether
the rank order of genotipperformancdor growth rateand yield vasmaintained under
these alternative crop management regimes.

Plots consisted of single rows containing 14 plants at the Rocky Mount and Clayton
environments, and 12 plants at the Oxford location. Within row spacing was 56 cm at all
locations.Inter-row spacing was 114, 116 and 120 cm at Clayton, Rocky Mount, and Oxford,
respectively. Plots were managed using practices consistent witufiee tobacco
production in North Carolina (North Carolina Cooperative Extension, 2014), except for
topping sucker control, and harvesting.

Plots were considered to be flowering when at least 50% of the plants within the plot
exhibited pink coloration of the corollas. Plants within the main plots to be topped were
decapitated at flowering time in order to raradhe apical inflorescence and leaves that were
less than approximately 20 cm in length and 10 cm in width (approximaglgaves below

the lowest flowering branch). Any lateral meristems that had developed were also removed at
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this time, and plants we treated with Prime + EC (Syngenta Crop Protection, Greensboro,
NC) according to label recommendations to suppress future lateral meristem (sucker)
devel opment . Pl ants within the duntopped?d
control was not peoirmed in these plots. Not all of the Connecticut Shade 8212 plots had
flowered late in the season at the Oxford location, and were thus decapitated at the button
stage Whereplants have begun to develop a flower bud but before the plants exhibited pink
coloration of the corollas) and the flowering date was recorded at this time. Plots were
harvested 21 days after flowering by stripping all leaves from all plants, excluding the end
plants, and plot green leaf yields were recorded in the field and contekgda’.

Additional data were collected for average height (cm) of 10 plants per plot and leaf number
(averaged over 10 plants per plot). Growth rate (kbdsy') was calculated by dividing
observed yields by the number of days from transplantih@ieest. One replication was

dropped from the Rocky Mount location due to flooding.

Statistical Analysis

An analysis of variance appropriate for a splidt design (McIntosh, 1983) was
performed using PROC MIXED of SAS version 9.4 (SAS Institute, CaBy, W5A). Main
plots and subplots were considered as fixed factors, while replication and environment were
treated as random effects. PROC CORR of SAS was used to determine Spearman rank
correlation coefficients for yield and growth rate for genotypes uhéeiopped vs untopped
production regimes. Migharent heterosis (MPH) for each main gldtybrid combination

and also for each hybrid combination averaged over main plots was calculated as:
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where, k = performance of the toyid, and
MP = mid-parent average [(parent 1 + parent 2)/2].
The significance of heterotic effects was determined using ESTIMATE statements in PROC

MIXED according to Stalder and Saxton (2004).

Heritability Study for Growth Rate

Plant Materials and FieldEvaluation

Crosses were made in the greenhouse between flue cured tobacco cultivar K 326 and
the twosynthetic tobaccos xdN. sylvestri$ N. otophora and 4«(N. sylvestri$ N.
tomentosiformis A single k individual resulting from each cross was gailinated to
produce two Epopulations. A total of 2882kndividuals from the #(N. sylvestri$ N.
otophorg x K 326 cross and 336 ndividuals from the (N. sylvestri$ N.
tomentosiformigx K 326 cross were space planted at the Central Crops Research Station,
Clayton, NC during the 2012 growing season (Figure 2.1). Within row spacing was 56 cm
and between row spacing was 114 &wr.every two rows of Findividuals, there was a
solid row of the K326 parent transplanted on the left and a solid row of the synthetic tobacco
parent transplanted on the right (Figure 2.1). In this planting design, gachviduals was
bordered by a pldrof one of the parental lines and was one plant away from a plant of its
second parental line. This planting design was carried out in order to take into consideration

the possibility of field variation affecting plant productivity, and so that indiviéualant
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performance could be adjusted based on the performance of the nearest parental plants.
Plants were managed according to cultural practices commonly used fouffegetobacco
production in North Carolina (North Carolina Cooperative Extensiot4 2 @xcept that
topping and sucker control were not performed.

Days to flowering was recorded for each plant when the first pink flower became
visible. Leaves were stripped from each plant 21 days after flowering and green weight (g
plant?) was recordeth the field. Plant height (cm) and leaf number were also recorded for
each plant. Growth rate (g pldmiay') was determined for each plant by dividing yield by
the number of days from transplanting to harvest. All unbordered plants were excluded from

the data set.

Nearest Neighbor Adjustment

Yield and growth rate of each ldividual was adjusted based upon the performance
of the nearest parental individuals.ikdividual performance was expressed as a numerical
deviation from the average of the nestrtwo parental plants. Data from individuapfants
were not considered for further analysis if there were missing adjacent plants, or if the
nearest parental plants had missing adjacent plants. Remaining individuals were ranked for
their corrected vales for growth rate. Based on this ranking, we selected the top 5% (fastest
growing plants) and the bottom 5% (slowest growing plants), hereafter referred to as the
6high growth rateé and o6l ow growth rateé gro
each group. Poor seed set was a problem with the bottom 5% (slowest growing) plants, and

individuals with no seed were removed from consideration.
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Heritability for Growth Rate

F..3 seed was collected from thirteen plants in the fastest growing and slowest
growing groups. The twentsix selected £z families, along with the parental lines, were
evaluated in replicated field experiments at three North Carolina locations during the 2013
growing season: Upper Coastal Plain Research Station, Rocky MountyeéNGxtord
Tobacco Research Station, Oxford, NC; and the Central Crops Research Station, Clayton,
NC. A randomized complete block design was used with four replications per environment.
Plots consisted of single rows containing 14 plants at the Rocky Madrtlayton research
stations and 12 plants at the Oxford research station. Within row spacing was 56 cm at all
locations. Interow spacing was 114, 116 and 120 cm at Clayton, Rocky Mount, and Oxford,
respectively. Plots were managed according to culpreaitices commonly used for flue
cured tobacco production in North Carolina (North Carolina Cooperative Extension, 2014),
except that plants were not topped and sucker control was not performed. Plots were
evaluated for flowering time as previously delsed, and plots were harvested 21 days after
flowering by stripping leaves from all plants, excluding the end plants. Green weights were
determined in the field and converted to yield (kg)h&rowth rate (kg haday') was
determined by dividing yieldybthe number days from transplanting to harvest. Data were
also collected for plant height (cm) averaged over 10 plants per plot and leaf number
averaged over 10 plants per plot.

An analysis of variance appropriate for a randomized complete block design
(Mclintosh, 1983) was performed using PROC MIXED of SAS 9.4 (SAS Institute, Cary, NC,

USA). Environment and replication were treated as random effects, while families were
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treated as fixed effects. CONTRAST statements were used to investigate the signidicanc
differences between the low and high growth rate grd@R©C REG of SAS was used to
estimate heritability based on the parefispring regression method according to Fehr
(1987a). Realized heritability for growth rate on a single plant basis wasatsilated

according to Fehr (1987a):

8
where,afigh ;3= mean performance ot progeny of k plants selected in high group,
udow,F3 = mean performance ogprogeny of E plants in low group,
ahigh,/2= mean performance ot plants selected in high group, and

ofow,F2 = mean performance ot plants in low group

Linkage Map Construction and Marker-Trait Associations

Microsatellite Marker Genotyping

Because of observed superior growth fatehe F population derived from the
4Ax(N. sylvestri$ N. otophora3 K 326 cross, this population was also studied for relative
recombination rates and transmission genetics using microsatellite markers. DNA was
isolated from the 279 fietldrown R plants described above using a FastIN&bin Kit (MP
Biomedicals, Santa Ana, CA) and a Bio FastPrep machine (BIO 101, Inc., Vista, CA). The
parental lines, K 326 and TH32, were initially genotyped with 681 microsatellite primer pairs

(Bindler et al., 2011)at identify polymorphic markers. Because our primary objective was to
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examine the rate of recombination on all chromosomes in this cross, primer pairs were
selected with to goal of identifying polymorphic markers approximately 20 cM apart on each
chromosomerm, based on the map positions of Bindler et al. (2011). A total of 198
microsatellite primer pairs were chosen for genotyping the compigtepialation.

SSRs were amplified in 15 eL volumes cont
h, 1.53RCR dfuff@r, 1.5 48L1l ofL 2d0f mBVM MmeStOa i n e,
2. 5mM dNTPb&6s, 0.15¢L of 1M forward pri mer s
0. 75¢L of 1&¢M M13I0prIRDBIOO) st OcRell BD Taq DNA
u g NewEnglanBi oLabs, | pswich, MA), and 2.95 e¢lL
in these reactions was labeled as described by Schuelke (2000) to facilitate the detection of
amplified products, except that IRDye 7@hd IRDye 800(LI-COR Biosciences, Lincoln,
NE) fluorescent tags were used instead of FAM. Thermocycling consisted of a denaturation
step for 5 min at 94°C followed by 29 cycles of 94°C for 30 sec, (Tm of primer) °C for 45
sec, 72°C for 45 sec and 7 cycles forl8l activity were run as 94°C for 30 sec, (ByfC
for 45 sec, 72 for 45 sec with a final extension process for 5 min at 72°C. After amplification,
10 eL of 95 % formamide | oading dye (95% dei
and 0.8 mg mt of bromophenol blue) was added to the PCR products atesple@re
stored at20°C. The resulting mix was denatured at 94°C for 3 min prior to loading. PCR
products were separated by polyacrylamide gel electrophoresis e6@R. X300 DNA
Analysis System (LICOR Biosciences, Lincoln, NE, USA), using 8% denaturing
polyacryl amide gels (20 mL Longranger gel SO

and .8X TBE buffer (100 €L 8X TBE buffer, an
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the following conditions: 1,500 V, 40 mA, 40 W, and 45C for 2.5 hr. To determirszihe

of the specific fragments, IR Dye 706 800labeled molecular weight standards-(38D

bp) also were loaded on each gel. SSR polymorphism bands were scored as binary data using
the software package AFLQuantar 1.0 (KeyGene Products B.V., Wageningére

Netherlands).

Linkage Analysis and Map Construction

Linkage analysis was performed using the program JoinMap version 4.0 (Van Ooijen,
2006). Segregation distortion (deviation from expected 1:2:1 segregation) was analyzed for
all markers using a cfsquare test. Markers were roughly classified into 24 linkage groups
using the grouping module and based on an independence logarithm of odds (LOD) score of
2.0 to 15.0. Marker order and genetic distances were calculated using the regression mapping
algort hm wi th the parameters set as foll ows: K¢
goodnesf-fit jump threshold for removal of loci 5.0, number of added loci after which to
perform a ripple = 1, recombination frequerc.40, LOD score> 1.0, and thid round =
Yes. Graphical representations of linkage groups were produced using the software

MapChart (Voorrips, 2002)

OTL Detection and Heterotic Effects

The main purpose of the DNA marker genotyping was to investigatetabter
recombination in thdx(N. sylvestri$ N. otophorg® K 326 E population. Although marker

density wasdw for a QTL mapping experimenie usedhe genotypic data set to determine
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if certain markers could be associated vaillhmeasured traits (growth rate, yield, days to
flower, leaf numberand plant height), and to also investigate the relative roles of dominance,
overdominance, and epistasis on heterosis idxt(i¢. sylvestri$ N. otophora® K 326
cross.Single marker analysis was first performed using PROC GLM in SAS 9.4 (SAS
Institute, Cary, NC). ESTIMATE statements were useddtermine the statistical

significance of eachdditive and dominant effect, if any, for genomic regions represented by
each genotyped marké@rhedominance effect to additive effect ratai|§|) was used to
determine the relative level of dominance represented by each marker locus, whether the
locus was significantly associated with a measured trait oCoohposite interval mapping
(CIM) (Zeng, 1993, 1994) was performed using Windows QTL Cartographer Wabd et

al., 2012) Forcomposite interval mapping, ldidkelihood values for statistically significant
associations between genotype and the traits were generated by calculating LOD scores at 1.0
cM intervals along linkage groups. LOD threshold signifeeatevels were determined using
1,000 permutations of the method of Churchill and Doerge (1994). To identify digenic
epistatic interactions between all pairs of loci, a-tmay analysis of variance was performed

in SAS 9.4 (SAS Institute, Cary, NC) usin@ISTACY 2.0 (Holland, 1998). ARalue ofP

< 0.001 was used to declate significance ofwo-locus epistatic interactions. dftwo-locus
interaction was declared significaittwas partitioned into four components (additive by
additive, additive by dminance, dominance by additive, and dominance by dominance), and
each of the component interactions were reported as significArt @t05. The effect of the
digenic dominance interactions (i.e. the heterozygote at one locus would affect the

performancef the heterozygote at the other locus) was of primary intbeestuse theF
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hybrid would be heterozygous at bothiland therefor@nly thedominance by dominance
interactionsvould contribute to heterosishe effect of the digenic dominance interans

was calculated only for twimcus interactions that showed significant dominance by

dominance interaction using the formula: DDdh( mp , wdhér es it he per f or m
the double heterozygote (i#aBy , mpd i t he average of the tv

homozygotes (i.eAABB+ aabhb2).

RESULTS

Heterosis

Analysis of Variance and Genotype x Topping Interaction

Significant differencesR < 0.05) were detected between genotypes for growth rate,
yield, leaf number, and plant height (Table 2.2). A sigaiiit differenceR < 0.01) was
observed between main plot treatments (topped versus untappe&)r plant height.
Significant environmental effect® & 0.05) were observed for all measured traits except
plant height (Table 2.2). Significant genotypenvironment interaction$(< 0.01) were
observed for all traits (Table 2.2). No significant genof/pepping interactions were
detected for growth rate, Ytk or days to flower, whereaggnificant interactions were
detected for plant height and leafmber (Table 2.2 and Figure 2.2). Spearman rank
correlation coefficients for genotypes evaluated under the topped or untopped production
regimes were all high and significaft € 0.0001) and ranged frore= 0.747 tors= 0.907

(Table 2.3).
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Mid-parentHeterosis

Because significant genotypdopping interactions were observed for some
measured traits, migarent heterosis values for all hybrids are presented for both the topped
and untopped production regimes, along with values combined over main plots (Figures 2.3,
2.4 and 2.5 and Append#). For the topped plots, we observed significant-padent
heterosis for growth rate and yield for the K 326H37 and K 326 Speight 168 hybrids
(Figure 2.3). Similar results were found for untopped plots (Figure 2.4). Significant mid
parent heterosiwas detected for yield for the K 326TH32 and K 326 Speight 168 F
hybrids, and significant heterosis for growth rate was observed for these same hybrids, in
addition to the K 326 TH37 hybrid. All other hybrids exhibited positive, but ron
significart, mid-parent heterosis for both growth rate and yield, except the topped K 326
Conn. Shade 8212 hybrid. Averaged over main plots, the significance tests “oanend
heterosis closely resembled that of the tests for the untopped production regepéf@xc
nonsignificant heterosis for yield for the K 326TH32 hybrid.

Averaged over topping regimes, the K 326peight 168 and K 326K 346 R
hybrids were the highest yielding entries, and Connecticut Shade 8212 was the lowest
yielding entry. The yld of all i hybrids, except the K 326 Connecticut Shade 8212 F
hybrid, numerically exceeded the best parent. The K¥32peight 168 and K 326 4n(N.
sylvestris N.tomentosiformisF: hybrids exhibited the highest growth rate while the
slowest growng entry was Connecticut Shade 8212. The growth rate of hildrids, except

the K 326® Connecticut Shade 8212 Rybrid, numerically exceeded the best parent. The K
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3263 NC 606 and K 328 K 346 F; hybrids flowered later than either parental linejlevh

the R hybrids involving synthetic tobaccos flowered earlier than the earliest flowering
parental line. For leaf number, all Rybrids, except that involving K 346, exhibited leaf
numbers intermediate between the two parents. Mdsildfids had a plat height greater

than the tallest parental lines, with hybrids involving Coker 176, Speight 168, and the two

synthetic tobaccos exhibiting significaft € 0.05) midparent heterosis for this trait.

Heritability

F> Phenotypic Analysis

Both TH32 and TH3Taveraged over ablorderedplants in the field) had
approximatelythe sameaveragegrowth rate of 10.70 g plaftay! and 10.60 g plartday?,
respectively (Table 2.4). K 326 (averaged ovebailderedblants in the field) had a lower
growth rate angield compared to both synthetic parents (Table 2.4). The K 32632 K
population had a higher average growth rate (8.60 gptiayt!) compared to the K 326
TH37 R population (8.40 g plarttday?'), but had a lower overall average yield, perhaps due
to an earlier average days to flower. The distributionsl@hehsured traits for 25G F
individuals from the K 326 TH32 F population and 2562fndividuals from the K 328
TH37 K populationareshown in Figure 2.6 and Figure 2.7, respectively. The overall mean
for individuals selected for high growth raterfrahe K 326 TH32 R, population was
higher than that of the K 326 TH37 F population (Table 2.4). The Spearman rank order

correlation coefficients between the adjusted and unadjusted growth rates were both high and
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significant P < 0.0001), and rangeddmrs= 0.82 tors = 0.87, for the K 3268 TH32 K
population and K 326 TH37 k population, respectivelyAmong the twenty six selected
individuals from the K 326 TH32 F population, eight out of the thirteen individuals (62%)
in the high growth ratgroup and five out of the thirteen individuals (39%) in the low growth
rate group would have been seledtethe absencthe nearest neighbadjustment
respectively. The trait means for the twesty plants selected from the K 326I'H32

populationfor slowest and fastest growing are provided in Appendix B.

F-.3 Phenotypic Analysis and Heritability Estimates

F..sfamilies derived from selected kdividuals with low and high growth rates from
the K 3268 TH32 populationwere evaluated in replicatdesting in three environments
during 2013. Progeny from this cross were selected for further testing because of superior
average growth rate for this population in comparison to that generated from the K3326
TH37 crossSignificant environmental edtts were observed for all measured traits except
plant height (Table 2.5). Significant genotypenvironment interaction was detected for all
traits except for days to flower (Table 2.5). Significant differences between genotypes were
detected for all &aits (Table 2.5). The results from the single degree of freedom contrast
between the low growth rate group and high growth rate group revealed significant
differences P < 0.0001) for all traits except days to flower, which was significant a® the
0.05level (Table 2.5). The means of all traits for the twesikyfamilies are presented in

Table 2.6. The overall means for all traits of the high growth rate families were higher
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compared to those of the low growth rate families. The overall mean for gratetfor the

high growth rate families was 6.26 g pfawtay*, with individual family means ranging from
4.64 g plant day* to 7.19 g plant day’. In comparison, the overall mean for growth rate for
the low growth rate families was 4.97 g ptaday?, with individual family means ranging
from 2.75 g plant day? to 6.53 g plant day'. The distribution of growth rate for the
twenty-six F2:3 families versus thezfndividuals are presented in Figure 2.8. The realized
heritability estimate for grovatrate was low at’= 0.14 (Table 2.7). The pareotfspring
regression heritability estimate for growth rate Was0.141. Phenotypes representative of

both the low growth rate and high growth rate families are presented in Appendix C.

Linkage Analysis

A total of 279 individuals from the K 3Z6 TH32 [4x(N. sylvestri$ N. otophora] F>
population were genotyped with 141 microsatellite marfarad to be polymorphic
between the two parental linéBhe amount of missing data was low (2.5%). It is unknown
what fraction of these missing genotypesre due to failed reactions or genetic deletions.
Onehundred and thirty markers were grouped into 24 linkage groups, with 11 markers
remaining unassociated with any linkage group (Figure 2.9). The linkage map covered a total
of 1411 centiMorgans (cM), vith is 1152 cM (45%) less than the overall map length (2563
cM) for the same markers previously reported fol. gaabacun® N. tabacunt> population
(Bindler et al., 2011). The average pairwise distance between markers for thé 328
F> population was 16 cM, which is also less than the average pairwise distances between the

selected markers (22 cM) for thee tabacun? N. tabacunpopulation of Bindler et al.
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(2011). The current linkage map compared to the linkage map of the same markebhs. in the
tabacunm® N. tabacunpopulation of Bindler et al. (2011) is presented in Figure 2ri0.

many cases, markers assigned to sitigkage groups in thid. tabacun® N. tabacunmap

of Bindler et al. (2011) were also assigned to single linkage groups in our study. There were
also cases, however, where single linkage group markers of Bindler et al. (2011) became
distributed to two omore linkage groups in our study (Figure 2.J0jotal of 44

microsatellite markers (31.2% of the total) on 16 different linkage groups exhibited
significant(P = 0.05)levels of segregation distortioAt 21 of the 44 distorted marker loci,

the K 326 akle was preferentially transmitted togfogeny. Only five loci had the TH32

alleles preferentially transmitted. Eighteen loci exhibited fractions of heterozygotes that were

significantly greater than expected.

Marker-Trait Relationships

Even though m&er density was low for a QTL mapping experiment, we attempted
to determine if tested markers could be associated with growth rate and yield in thé K 326
TH32 F, population. Using composite interval mapping, one genomic region was found to be
associateavith growth rate, yield, and leaf number, while two genomic regions were found
to be associated with plant heidfiable 28). One genomic region on linkage group 12 was
found to be significantly (LOD scores greater than the threshold level of 3.5 fathgate
and 3.6 for yield based on permutatiderived significance thresholds) associated with
growth rate and yield (Table&. For growth rate, the QTL had an additive effect of 1.6724

g plant! day?, a dominance effect of 0.544 g plamtay?, and aplained 5% of the
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phenotypic variationThe favorable allelevas donated by TH32 at this locu=or yield, the
identified QTL had an additive effect of 116.2087 g pladay?, a dominance effect of

15.0317 g plantday?, and explained 9% of the pheypic variation TH32contributel the
favorable allele at this locu$he QTLfor leaf numbeon linkage group 6 had an additive

effect of-1.7077 leaves plant a dominance effect 0.5382 leaves plant and explained

13% of the phenotypic variatioorfleaf numberThe favorable allele at this locus was

donated by K 32&-or plant height, QTL on linkage group and 17oth had positive

additive and dominance effects, and combined explained 9% of the phenotypic variation for
plant height TH32 donatedhe favorable allele at both loci.

The observed values for the ratio of dominance to additive eft#{z§ {or all
markersranged from159.734 to 20.59 for growth ratd,21.96 to 45.08 for yield]129.16 to
50.33 for leaf number51.56 to 97.71 fodays to flowerand-42.18 to 100.13 for plant
height. For all traitsthe majority of loci exhibited either positive overdominara/{a(> 1.0)
or negative overdominance/[a| < -1.0) (Figure 2.12). Positive overdominance was
observed predominantly fail traits except for days to flower, where negative
overdoninance prevailed (Figure 2.12egative dominance was observed at 46 of the total
loci (33%) and negative overdominance was observed at 44 of the total loci (31%) for days to
flower (Table 2.8 ath Figure 2.13). Very high levels of overdominand#e( values larger
than 12.0 or smaller thati2.0) were observed at eight and five loci for growth rate and
yield, respectively. For growth rate, six of the eight loci which exhibited very high ratios of
dominant effects to additive effect¥|@|) were due to small values @fless than 0.05) at

each locus.
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All possible twoelocus combinations were tested for significdh&(0.001)
interactiondor all measured traitSrable 29). The number of signiéant interactions ranged

from seven different interactions for plant hejgbtfifty-two different interactios for days

to flower (Table 2.2 Using an orthogonal contrast test, we partitioned each of the significant

interactions into four components:dailve (first locus) by additive (second locus)

interaction, additive (first locus) by dominant (second locus) interaction, dominant (first

locus) by additive (second locus) interaction, and dominant (first locus) by dominant (second

locus) interaction. Aditive by additive interactions occurred at the highest frequencies,
followed by dominance by additive interactioaaddominance by dominance interactions
(Table 29).

We calculated the digenic dominance (DD) effect only for-kwous interactions that
showed significant® < 0.05) dominance by dominance interactibesause this interaction
would be the most important contributor to heterosis in tHe/brid. We observed one
significant @ < 0.05) positive digenic dominance interaction for growth naedd, and plant
height with DD effect of 1.854 g plant day?',133.954 g plant, and2.098 cm, respectively
(Table 2.10) Both positive and negatii@D interactions were observed, with trivial DD
effects, for both leaf number and days to flower. Of36@otal markers involved in the
digenic dominance interactions for all traits, the majority (75%) did not appear to have
significant P < 0.05) main (additive and/or dominance) effects when evaluatedialone
single marker analysigor growth rate and gid, only one locus had significant additive and

dominance effects when evaluated alonsingle marker analysis

80



The relativecontributions of dominance, overdominance, and episia$isterosis
for each traiwerecalculatedon the basis of each geme¢ffectgroup (Table 2.11 and Figure
2.13). Marker loci significantlyR < 0.05) associated with each trait were grouped according
to their genetic effectgositiveor negative single locusverdominanced/|a|>1 or d/[a|<-1)
or dominance (0Od/|a]<1or 0>d/|aJ>-1), and positiveor negative digenic dominance effects.
For growth rate, yieldand plamn height positive overdominanceas the most important
contributor. For leaf number, positive overdominance was the most important contributor
followed by ngative digenic dominance. For number of days to flower, the most important
contributor was negative overdominance followed by positive overdomi@auacpositive

digenic dominance

DISCUSSION

Almost all tested hybrids with K 326 exhibited growth sdteat numerically
exceeded the growth ratior the fastest growing parental Iseénly hybrids involving
Speight 168, TH32, and TH37 exhibited statistically significBrit 0.05) midparent
heterosis for growth rate, however. Outside of the hybrid inngl@peight 168, those
involving synthetic tobaccos exhibited the greatest levels of heterosis for growth rate, a
finding consistent with other reports describing heterotic effects involving crosses between
Nicotianarelatives (Mann and Weybrew, 1958b; Mager and Wernsman, 1967). Hybrids
between K 326 and most fhkerired varieties exhibited low but positive levels of heterosis, a
result similar to other studies of fheeired tobacco hybrids (Matzinger et al., 1962; Chaplin,

1966). The genetic divergenceparents used in crosses is important for expression of
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heterosis (Hallauer et al., 2010), and the relative low levels of heterosis exhibited by F
hybrids of fluecured tobacco may be partially due to the reduced amount of genetic variation
among currentiue-cured tobacco varieties.

In the evaluation of thK 3263 synthetic tobaccoJdpopulationsboth 4x(N.
sylvestris N. tomentosiformjsand 4(N. sylvestri$ N. otophord exhibited greater avage
yields and growth rates as compare&t826alone This data, in addition to the
identification of a number afx(N. sylvestri$ N. otophora marker alleles significantly
associated with yield and growth rate, suggests some potential value in using this synthetic
tobacco as a source of favorable alle@fecting these traits in cultivated tobactéde
selected material derived frotime K 3263 4x(N. sylvestri$ N. otophora F2 population for
further study because of the overall higher observed awepagvth rate for this population
We decided to evalta growth rate and yield on untopped plants, as we previously found a
high correlation between untoppaddtopped plants for these traits. Evaluating these
characteristics on untopped plants is much more efficient because of reduced investment of
effort. Fo.3 families derived from gplants from the selected low and high growth rate groups
were significantly different for this trait, thus indicating some potential for positive response
to selection for this trait in material derived from this cross.

The @lculated realized heritabilitpr growth ratevas very low, however. One
reason for this is due to the fact that growth rate is a very complicated afficiency of
early generation selection for growth rate and yield tends to be very low, aod éwen
negative correlations between yields of single plants and their progenies have been reported

(Bos and Caligari, 2008bln the F generation, many plants are heterozygous for many loci,
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some of which may contribute to heterosis and an increaggewth rate. If this is the case,
then highly heterozygous Blants might have been preferentially selected, and produce less
heterozygous offspring whose performance is inferior when compared to their gBomnts
and Caligari, 2008cAlso, it is well known that selection for complex traits is relatively
inefficient among single plants. Nevertheless, if large populations argamkedfforts are
made to minimize variation in growing conditions, selection on individual plant basis can be
efficient (Bos and Caligari, 2008a).

Our selection method for growth rate amongnéividuals would be expected to be
better than a random selectidie adjusted Eplant performanceased on the performance
of nearest neighbor checks. There are factors that neardsboeagmparison cannot
correct Selecting for yield in an early generation on an individual plans lrmsinreplicated
field trials can cause a tendency to select plants with a high competitive advavitade
can bias the actual yield potential of teatected plant (Bos and @gri, 2008b, 2008c)t
is possiblethat these selection inefficiencies played a role in the determination of the fastest
growing individuals more so than the slowest individuals. This is reeltby the
observatiorthat our skected E:3 low growth rate families had an average growth rate similar
to their K parents, while the selectedFhigh growth rate families had an average growth
rate considerably less than the average growth rate of thesrénts

The potential forecombination in the K 326 TH32 population was also of
importance because it would have a large role oprbleability of disassociating favorable
alleles from unfavorable alleles derived from the synthetic tobacco source material. We

observed an overalkduction in recombination distances relative td. &aabacun® N.
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tabacunmcross. Our overall linkage map length was smaller than the overall map length of the
selected markefsom theN. tabacumx N. tabacunt population of Bindler et al (2011)
Also our average pairwise distance between selected markers was smaller than the pairwise
distances of the selected markers. One likely factor affecting the relative reduced rate of
recombination is the evolutionary changes of each diploid progenitor genomesh&n
speciation oNN. tabacumN. tabacurhas two divergent genomes of which an ancestdt. of
sylvestrisvas the maternal parent aNdtomentosiformidN. otophora or an introgressive
hybrid between the two was the donor of the paternal gerfémeeto polyploidization, the
two diploid progenitor species would have pss®ed many genetic similarities)d the
newly formed allotetraploid would have been expected to possess a great amount of
redundant genetic information (Wernsman et al., 1976). Evolaity events such as
chromosomal segment losses, or deficiencies of genetic information in one genome, might
have been tolerated without reducing the fitness of the allotetraploid as long as this
homologous information was retained in the other parenggispgenome. TheS 6 and 6 T6
genomes oN. tabacumhave become interdependeastevidenced by the fact that most
nullisomics do not survive (Wernsman et al., 1976; Reed, 1991; Lewis, 2011).

Although 24 homologous pairs of chromosomes are typically obd@mN. tabacum
3 synthetic amphidiploid Fhybrids, a number of factors could influence gene segregation
and genetic recombination in such hybrids. Evidence from model systems has demonstrated
that recombination rates are strongly dependent upon the degree of sequéadg/sand
chromosome synteny between parental lines (Liharska et al., 1996; Esch and Horn, 2008). A

large number of other genetic changes have occurfddtabacunduring the estimated

84



200,000 years after polyploidization (Kovarik et al., 2008). Tiheseifications have

included retrotransposon sequence deletion/amplification, intergenomic translocations,
elimination of repetitive sequences, changes in structure or organization of ribosomal DNA,
epigenetic adjustments, and evolution of new satell€estpn et al., 1993; Skalicka et al.,
2003, 2005; Lim et al., 2004, 2007). Liharska et al. (1996) reported that decreased
recombination was observed when alien chromosomal introgressions were present in the
heterozygous state. Genomic comparisons of aippmd species and diploids most closely
related to the diploid progenitors provide an alternative method to study genome divergence
and genome turnover in plants (Lim et al., 2007). Song et al. (1995) demonstrated that the
paternal genome of a newly foeah allopolyploid evolves most rapidly because the maternal
cytoplasmic background leads to paternal genome instabilities.

Another complicating factahatcould influence gene segyaion and genetic
recombinations the fact that various genetic chandes have occurred for both progenitor
species occurred independently of genetic modifications that have occurredNvithin
tabacumsince its creation. Both of the synthetic tobaccos were produced using modern day
progenitor species. Sequence divergencedrstN. tabacunand the progenitor species
genomes could affect potential for recombinatioMinabacun® synthetic amphidiploid
hybrids (Likarska et al., 1996). This could influence the potential for successful gene
introgression from the diploid rela#s to cultivated tobacco through the use of synthetic
tobaccos

The role that intergenomic translocations may play in polyploid evolution is not fully

understood, but it has been suggested that intergenomic translocations are necessary for
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survival and tat they may be required for restoration of fertility, in some cases (Kenton et
al., 1993; Lim et al., 2004). Different tobacco cultivars have been reported to carry between
four and nine iIintergenomic transl octations be
al.,1993; Lim et al., 2004; Bindler et al., 2011). It is unknown if and how many intergenomic
translocations are present in K 326, however, the genomic organization of K 326 is similar to
Hicks, which was one of the parents used in the linkage map dieBiet al. (2011). We
should therefore assume that similar translocations are present in K 326. Based on genome
specific markerswe observed nt er genomi ¢ transl ocations bet
on two linkage groups (linkage groups 21 and 22), winere similar to those reported in
theN. tabacun® N. tabacunt: population of Bindler et al. (2011). We also detected a
reduction in the recombination rates around these translocations compared to the same
markers in théN. tabacun® N. tabacunt: popukbtion of Bindler et al. (2011). This localized
decrease in recombination rates could pogsitfluence successful gene introgression.

It is unclear if and how many intergenomic translocatimag be present between the
6S6 and 6TO6 g e nBH32[4(N.isylvestri bl. otwphard] damghidiploid
used in the currerdtudy Rapid genetic changes within a few generations have been
documented for the synthetic TH3%(M. sylvestri$ N. tomentosiformj$ amphidiploid
produced by Burk (1973). These genetic changes inahtelggenomic translocations in
addition to restoration of fertility, changes in structure and organization of ribosomal DNA,
and loss of tandem and dispersed repetitive sequences (Skalicka et al. 2003, 2005; Petit et al.,
2007). Skalicka et al. (2005) desc b e d |, i n Burkdés synthetic tob.

dispersed repetitive sequences from the paternally derived genome and reported mutations
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and rapid evolution of the paternal genome fildmomentosiformisThese findings are
consistent with otheleported genetic changes that have occurred during early generations of
additional synthetic polyploids (Song et al., 1995; Ozkan et al., 208&¥%e changes could
contribute to the suppression of genewide recombination rates that were observed.

There vere a few instances where markers associated with one linkage group of
either the 6S6 or O6T6 genome in the map of
associated with two to four chromosomes in thg2&3 TH32 F population. These
differences in map positions might be attributed to structural differences that may inherently
exist betweemN. tomentosiformiandN. otophora or due to the scoring of different PCR
products in our experiment as compared & ti Bindler et al. (2011). Our relatively low
marker density may have made it difficult to combine some markers into complete linkage
groups and a wide range of the logaritbfrodds (LOD) scorg (2.0 to 15.0) had to be used
to roughly classifynarkersinto linkage groupsStructural differences betwe&n326and
TH32 might also be expected to result in sterility or lethality in theopulation, and
sterility was observed in certain individuals in theaRd subsequent generations.

One of the main goalsf this research was to identify and transfer favorable alleles
affecting growth rate and yield from the diploid progenitor species to cultivated tobacco. We
did not have high marker density in this study because our main objectives with the marker
data vere to investigate the potential for recombination in this cross, but we conducted a
preliminary study to determine if any markers could be identified to be associatdagwith
traits We identified one QTL associated with growth rate and one QTL assbuwitle

yield. The QTL associated with growth rate and yiale@ botHocated on linkage group 12
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and appear to have a positive additive effect for both traits, a positive dominance effect for
growth rate and a negative dominance effect on yield. Basedmumgpspecific markers
thisQTLcane f r om t he pat evasooattibutéedbyTH82e no me and
The genetic theory behind heterosis has been widely debated since East and Shull
first described the phenomenon iTwopreMaikngear | vy
hypotheses (the dominance and edeminance hypotheses) have predominantly been used
to explain heterosis, but epistasis also likely plays a role in this boost in performance (Fehr,
1987b; Falk, 2001; Hallauer et al., 2010). Both the dondeand overdominance
hypotheses describe the importance of-additive genetics to explain heterosis in hybrids
between distinct homozygous parental inbred lines (Hockholdinger and Hoecker, T2@07).
hypothesis for dominance being the cause of heteso#ige notion that complementation of
different deleterious recessive alleles occurs in progeny between parental lines, while over
dominance assumes that there is interaction between alleles at one locus, and epistasis
involves the interaction of allelet two or more loci (Fehr, 1987b; Birchler et al., 2003;
Lippman and Zamir, 2006).
The dominance to additivel/@) ratio represents the level of dominance at a locus.
For example, the mean of the heterozygote Aig¢ will be superior to the mean of batmne
homozygote (i.eAA andaa) genotypes under partial dominanced@<1.0) or complete
dominanced/a=1.0). The overdominanced/a>1.0) hypothesis suggests that the value of
the heterozygote is considered superior to the value of either homozydutel@g¥b; Lu et

al., 2003; Chen, 2013). Pseudeerdominanceon the other handesembles overdominance
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and is caused by the repulsion phase linkage of favoadibles at two closely linkeldci
that exhibit either partial or complete dominance (Job@%7;, Fridman, 2015)

We observed a wide range of dominance effect to additive efi¢a) fatiosat
individual marker lociwith approximately half of the total loci for both growth rate and
yield loci exhibitingd/[a] ratios greater than 1.0 or léban-1.0. Theresults suggestthat
overdominances likely to be contributing tdheterosis fogrowth rate andyield.
Overdominance has been proposed to be the genetic basis behind heterosis for many traits in
maize, rice, and tomato (Stuber et a8092; Semel et al., 1998hou et al., 2012 We cannot
rule out pseud@verdominance as a contributing factor to heterosis, however. Rseudo
overdominance makes it difficult to distinguish between the dominance or overdominance
heterosis hypothesis. Therefpdominance may also be playing a role in this boost in
performanceas well.It is also possible that thié|a] ratios are underestimated due to the low
marker density. As the genetic distangebetween the QTL and marker increases, the
estimation othe true value of thd/[a] ratio becomes progressively biased in the direction of
underestimation, although under small valuestbfs bias is expected to be low (Edwards et
al., 1987)

We also observed significant epistatiteractionsbetween marker®r growth rate
and yield.In some casespestasis has been reported to contributeeto heterosishan
overdominance or dominance effe¢ts et al., 1997; Yu et al., 1997; Zhou et al., 2012),
while in othercases contribute less or not at all to hetis for some traits (Hinze and
Lamkey, 2003Mihaljevic et al., 2005)Our results indicated that the relative contribution of

each of the various genetic components associated with hetettagislystrait dependent
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Nevertheless, we have shown thegioisity of transferring favorable allelic diversity
positively affectinggrowth rate and yieléfom synthetic tobacco to cultivat& tabacum
This is a long term breeding effort due to the introgression of undesirable genetic variation

affecting leaf qality, however.
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Table 21. Genetic materials evaluated for heterakisng the 2013 growing season.

Entr
Entry Numger Type

K 326 1 Flue-Cured
TH32 2 Synthetic
TH37 3 Synthetic
Narrow Leaf Madole 4 Dark Air-Cured
NC 606 5 Flue-Cured
Coker 176 6 Flue-Cured
Speight 168 7 Flue-Cured
Conn. Shade 8212 8 Cigar Wrapper
K 346 9 Flue-Cured
K 3263 TH322 F, Hybrid 10 F1 Hybrid

K 3263 TH37° F1 Hybrid 11 F1 Hybrid

K 3263 Narrow Leaf Madole FHybrid 12 F1 Hybrid

K 3263 NC606 R Hybrid 13 F1 Hybrid

K 3263 Coker 176 kHybrid 14 F1 Hybrid

K 3263 Speight 168 FHybrid 15 F1 Hybrid

K 3263 Conn. Shad&212 R Hybrid 16 F1 Hybrid

K 3263 K346 K Hybrid 17 F1 Hybrid

&TH32= 4x(\. sylvestri$ N. otophora
bTH37= 4x(N. sylvestri$ N. tomentosiformijs

99



Table 22. ANOVA for genetic materialgevaluated for heterosshowingmean squares and significance levels fomgh rate,
yield, leaf numberdays to flower, and plant height.

Mean Squarés

Growth Rate Yield Daysto Plant Height

Source df® (kg ha' day?) (kg hat) Leaf Number  Flower (cm)
Environment 2 310504**** 2974616490***  290.86** 3896.27*** 28231
Replication(Environment) 8 5317* 39694691 *** 4.28 63.47 146
Topping 1 12430 113224688 31.05 67.89 319406**
Environmeng Topping 2 1682 12266812 9.12 19.18 2369**
Replication(Environmen® Topping 8 744 3459499 3.23* 71.94%**  236*
Genotype 16 9411~ 60901394** 89. 77 ** 178.87 12098****
Genotype Environment 32 31171 19268680**** 11.76%%** 92.79**** 347**
Genotype® Topping 16 652 4846443 4.54* 15.42 986****
Genotype Environmen® Topping 32 656 3887786 1.85 18.76 140
Error 256 635 4499505 1.35 17.52 111

& x% *xx - and **** indicate significance atP= 0.05, 0.01, 0.001, and 0.0001 levels, respectively.
bdf, Degrees of Freedom
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Table 23. Spearman rarkrder correlations for topped genotypic ramksusuntopped

genotypic rank for afiraits.

Spearman Ran®rder Correlation

I's P-Value
Growth Rate (kg dayha?) 0.841 <0.0001
Yield (kg day') 0.826 <0.0001
Leaf Number 0.748 <0.0001
Days to Flower 0.779 <0.0001
Plant Height (cm) 0.907 <0.0001
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Table 24. Results from 2012 phenotypic analysidwb space planteB, populatonsalong

with K 326,and thewo synthetic parents

Plant
Growth Rate  Yield Leaf Daysto Height
Group Material (g plantt day!) (g plant!) Number Flower (cm)
K 326 7.87 701.12 20.51 68.43 133.04
6f TH322 10.72 923.34 19.23 65.60 183.76
Group 1 ¢fK 3263 TH32 B 8.60 747.67 18,57 66.72 147.21
of Low Selected F 4.83 429.85 17.38 6792 136.31
of High Selected £ 13.99 1187.69 18.15 63.85 164.69
ofK 326 8.01 717.23 20.88 69.17 138.25
6 TH37 10.60 882.76 1752 62.67 211.31
Group 2 ¢fK 3263 TH37 B 8.40 774.13 19.67 70.71 162.85
of Low Selected F 2.37 223.15 16.15 74.62 119.08
of High Selected £ 11.60 1063.08 21.69 70.23 175.62

#TH32= 4x(\. sylvestri$ N. otophora
PTH37= 4x(. sylvetris3 N. tomentosiformjs
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Table 25. ANOVA for field evaluation of &3 low growth rate and high growth rate families showing mean squarés,
significance levels for gmvth rate, yield, leaf numbedays to flowerand plant height.

Mean Squards

Source df? (Eéor\]'\g lh dzsi)e (k:] 'ilgl) Leaf Number Days to Flower PIar(l(t:g)e ight
Environment 2 111938** 914245380** 63.86* 3640.16%*** 5625
Regication(Environment) 9 7278**** 71849088**** 9.19%*** 25.28** 1858*++*
Genotype 25 3482%*** 33274082*+** 40.77*** 190.18**** 3098****
Genotype® Environment 50 709** 6493898** 3.45%*xx 7.25 210*

Error 222 415 3454912 1.61 8.12 132

adf, Degrees of Freedom
bk *x xx and **** indicate significance atP= 0.05, 0.01, 0.001, and 0.0001 levels, respectively.
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Table 26. Entry means for the twentgix F>.3 low growth rate and high growth rate faied

- N

Low Growth Rate Family 6 4.24 368.43 12.4 67 130.59
Low Growth Rate Family 7 6.15 569.94 14.4 72 171.45
Low Growth Rate Family 8 6.00 557.26 15.2 73 173.56
Low Growth Rate Family 9 5.30 534.13 15.3 80 129.76
Low Growth Rate Family 10 3.84 333.29 13.8 66 153.01
Low Growth Rate Family 12 4.49 41768 14.5 73 141.30
Low Growth Rate Family 13 6.53 594.43 16.3 71 159.31
Low Growth Rate Family 14 5.49 548.38 15.1 78 152.53
Low Growth Rate Family 15 4.56 398.75 13.2 67 143.28
Low Growth Rate Family 17 2.75 258.72 12.5 73 123.22
Low Growth Rate Famji 18 4.32 374.88 12.6 68 139.94
Low Growth Rate Family 19 4.66 410.43 155 68 157.61
Low Growth Rate Family 20 6.32 552.21 14.7 67 138.18

deow Growth Rate 4.97 455.27 14.27 71.03 147.21
High Growth Rate Family 1 6.99 628.19 18.5 69 172.62
High Growth Rate Family 2 5.04 467.64 14.2 73 132.83
High Growth Rate Family 3 6.77 598.36 16.8 69 156.31
High Growth Rate Family 4 6.17 616238 17.3 78 144.09
High Growth Rate Family 5 7.19 667.33 16.5 73 160.68
High Growth Rate Family 6 5.93 544.42 16.2 71 154.49
High Growth Rate Family 7 5.59 491.97 12.5 67 137.66
High Growth Rate Family 9 6.56 613.26 17.6 73 169.20
High Growth Rate Fartyi 11 7.00 631.00 18.6 69 191.54
High Growth Rate Family 12 4.64 399.26 13.3 65 150.68
High Growth Rate Family 14 6.77 641.36 16.4 74 162.90
High Growth Rate Family 16 6.07 598.21 15.0 77 155.57
High Growth Rate Family 18 6.76 620.76 16.7 72 140.40

G High Growth Rate 6.26 578.32  16.13 71.62 156.08
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Table 27. Realized heritabty estimate for growth ratd=:3 family
means converted from (g hday?) to (g plant: day?).

Growth Rate

Generation (g plant! day?)
2012 E Plants
«fLow Growth Rate 4.83
o«fHigh Growth Rate 13.99

2013 k.3 Families
«fLow Growth Rate 4.97
a«jHigh Growth Rate 6.26

Realized Heritability
(%) 0.14
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Table 28. Estimates of QI position, effects, and explained phenotypic variation fommpositenterval analysis.

% of
T e ot tetwaker [T POl Lope e Domnaee prenome
explained
Growth Rate g planttday! 12 PT52131 PT52347 1 4.69 1.6724 0.544 5%
Yield g plantt 12 PT52131 PT52347 5.7 3.9835 116.2087 -15.0317 9%
Leaf Numbel # leaves 6 PMI140021 PT30229 5 11.6249 -1.7077 -0.5382 13%
Plant Height cm 15 PMI30201 PT30111 24 3.9546 6.4858 5.5893 2%
Plant Height cm 17 PT60332 PT53442 12 4.9508 9.3376 1.777 7%

3G, linkage groups corresponding to those fromNhéabacun® synthetic tobaccoFfpopulation.

bLOD, logarithm of odds.

‘Additive effect estimated byAA+ aa)/2,wherea O A0 r epr e s e WX{Nssylvehtres Ngatophord. YPgsidve effect
indicatesthe favorable allele was derived froii32. Negative effect indicates tHavorable allele was derived from K 326.
dDominance effect estimated ysai mp), andmp=[(AA+ aa)/2] ,where @ 6 Arésentsehp genotype of(. sylvestri$ N.
otophorg.
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Table 29. Number of significant® <0.001) twaelocus interaction$or five agronomic traits
in the K 3268 TH32 K population

' Growth Rate Yield Leaf Days to Height Total
Interaction (g plant!day?) (gplant) Number Flower (cm)
AA? 4 2 12 10 2 30
ADP 3 2 6 11 2 24
DA° 4 3 6 14 2 29
DD 1 1 8 17 1 28
Total 12 8 32 52 7

8AA = Additive (first locus) by Additive (second locus) interaction.
PAD = Additive (first locus) by Dominant (second locus) interaction.
‘DA = Dominant (first locus) by Additive (second locus) interaction.
9DD= Dominant (first locus) by Dominant (second locus) interaction.
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Table 210. Digenic dominance effects (DPof significant P <0.05) twelocus dominance
by dominance interactions

Position Position

Trait Units Marker 1 LG? (cM) Marker 2 LG? (cM) DDP
Growth Rate g plant! day? PT53025 1 87.6 PT50939 6 249 1.854
Yield g plant? PT53025 1 87.6 PT50939 6 24.9 113.95¢
Leaf Number  # leaves PT30028 13 30.3 PMI30292 3 87.7 0.290
Leaf Number  # leaves PT60757a 13 40.3 PMI30452 3 0.0 0.279
Leaf Number  # leaves PT60465 20 37.7 PMI30292 3 87.7 0.182
Leaf Number  # leaves PT54449 1 0.0 PT60309 3 24.6 0.084
Leaf Numbe # leaves PT30036 14 0.0 PT30171 18 842 -1.102
Leaf Number  # leaves PT55188 22 38.8 PMI30292 3 87.7 -1.232
Leaf Number  # leaves PT61203 4 12.3 PMI20400 9 55.1 -1.576
Leaf Number  # leaves PT60274 18 51.1 PT54449 1 0.0 -1.817
Days to Flowe # days PT51449 UA® UA PMI30269: 16 53.8 2.254
Days to Flowe # days PT53009 15 729 PT61097 24 622 1913
Days to Flowe # days PT51449 UA UA PT61103 16 219 1.756
Days to Flowe # days PT51449 UA UA PMI20196 16  44.5 1.731
Days to Flowe # days PT51449 UA UA PMI20289r 16 40.6  1.513
Days to Flowe # days PT53442 17 358 PT53931 3 38.2 1.378
Days to Flowe # days PT60126 21 412 PT52178 8 5.6 0.895
Days to Flowe # days PT30087a 1 14.6 PT55188 22 38.8 0.710
Days to Flowe # days PMI20289n 16 40.6 PT52937 9 84.6  0.556
Days to Flowe # days PT51616a 16 0.0 PT52937 9 84.6  0.555
Days to Flowe # days PT53442 17 358 PT30202 3 429 0.485
Days to Flowe # days PMI20289n 16  40.6 PMI20400 9 55.1 -0.805
Days to Flowe # days PMI20459 10 25.6 PMI20289r 16 40.6 -1.162
Days to Flowe # days PMI20459 10 25.6 PMI20196 16 445 -1.195
Days to Flowe # days PMI1095 UA UA PT61097 24 622 -1.198
Days to Flowe # days PMI1095 UA UA PT54114 UA  UA -1.490
Days to Flowe # days PT52291 10 0.0 PT51583 3 61.3 -2.317
Plant Height cm PT52131 12 0.0 PT30307 8 4.7 2.098
8 G, linkage groups corresponding to those fromNhébacun$ synthetic tobaccoFpopulation
®Digenic Dominance effecesstimated by:dhi mp) , wdhdr esit he performance of the

a n dnpofi i swveragaéthe two parental homozygotd2ositive effect indicates tradvantage othedouble
heterozygote relative to treverageof the parental homozygotddegative effect indicates tliktsadvantage of
thedouble heterozygote reige to the averagef the parental homozygotes.

‘UA, Unassigned
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Table 211. Amounts of sggle locus dominance, overdominance and digenic dominateractionsat markers significantlyR
< 0.05) associated with each trait fime agronomic traits in the K 326 TH32 F population.

Contribution Amourf®

Negative

Positive Positive Negative Negative Positive Digenir  Digenic
Trait Units Overdominance  Dominance Dominance  Overdominance Dominance Dominance Sum
Growth Rate g plant! day*? 1.851 0.407 -0.595 -0.164 0.261 0 1.760
Yield g plant* 1.711 0.245 -0.481 -0.538 0.152 0 1.089
Leaf Number # leaves 0.422 0.151 -0.106 -0.095 0.045 -0.308 0.109
Days to Flowel # days 0.231 0.022 -0.112 -0.355 0.206 -0.122 -0.130
Plant Height cm 0.481 0.210 -0.051 0 0.014 0 0.653

&The value presented for each component is the summation of dominance effects over loci divided by the trait mean.
bThe single locus effects were not included in the dominance and overdominance calculations if they are involved in digenic
dominancenteraction.
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A TH32 TH32 TH32 TH32 TH32 TH32
F, F, F, F, F, F,

K326 K326 K326 K326 K326 K326

TH32 TH32 TH32 TH32 TH32 TH32
F, F, F, F, F, F,

K326 K326 K326 K326 K326 K326

Figure 2.1. A: 2012Field layout. B: Field at transplanting. C: Field at 35 days post transplanting.
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Figure 2.2. Height difference between main plot effects. Left: unempplot. Right: topped plot
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Figure 2.3. Topped plants migharent heterosis values for five agronomic trait, **, ***
or *** indicate significance atP= 0.05, 0.01, 0.001, and 0.0001 levels, retipely.
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Figure 24. Untopped plants migharent heterosis values for five agronomic tratg, **,
*** - or **** indicate significance atP= 0.05, 0.01, 0.001, and 0.000%é¢s, respectively.
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Figure 25. Combined topped and untopped plants-peédent heterosis values for five
agronomic traitsA *, ** ***  or **** ndicate significance atP= 0.05, 0.Q, 0.001, and
0.0001 levels, respectively.
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Figure 2.6. Distribution of five agronomic traits for thés@ F2 individuals from the K 326
TH32 population.
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Figure 2.7. Distribution of five agronomic traits for the&s@ F individuals from the K 328
TH37 population.
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Figure 2.10. Comparison of the linkage map of Bindler et al. (2QBllie= Sgenome, Red=
T-genome) contrasted with the current linkage map (yellow) frorithabacun® synthetic
tobacco crossNumbers on the left side are centiMorgans (cM) from the top of the
chromosomeAsterisks (*) indicate those markers exhibiting segregation distortion Bt the

<0.05 level.
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Figure 2.11 Distributions of dominant/additive effect rati(ii|a]) for five agronomic traits
in the K 3268 TH32 k population.
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Figure 2.12. Relative contributions of singl®cus dominance, overdominance and epistasis
for five agronomic traitsn the K 3268 TH32 R population Numbers indicatpercent
contribution of each effecPO, Positive Overdominancd/|a|>1); PD, Positive Dominance
(O<d/|al<1); ND, Negative Dominand®>d/|a|>-1); NO, Negative Ovedominance d/|a|<-

1), PDD, Positive Digenic Dominance; NDD, Negative Digenic Dominance.
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Chapter 3:

Identification of Maternal Haploids of N. tabacumAided by Transgenic Expression of
Green Fluorescent Protein
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ABSTRACT

Haploid plants in tobaccdNfcotiana tabacunt..) occur spontaneously at low
frequencies due to what is believed to be parthenogenesis. For practical use, however, an
efficient method is needed to identify them at the seedlagestThere are numerous
methods for producing haploid plants in tobacco, of which the interspecific hybridization
method has been widely adopted. In this methbdabacums hybridized as a female with
N. africana This is a semlethal cross, and the faaity of progeny die at the seedling stage.
Surviving seedlings are a mixture of various aneupleithtérspecific hybrids and maternal
haploids. The separation of haploids from aneupleidyBrids can be aided by observations
of leaf shape, trichome dsity, and other factors, but this process can still be considered an
art. The objective of this study was to investigate the ubke africanaengineered with a m
gfp5ERtransgene driven by the CaMV 35S promoter for distinguishing haploid plants from
other surviving plants derived from this crolk.africanaplants homozygous for a single
copy of a35Sm-gfp5-ERinsertion were used as male parents in crosses with burley tobacco
cultivar, TN 90LC. Seed resulting from these crosses were germinated aan/aling
plants were screened for expression of GFP, genotyped at microsatellite marker loci located
across thé\. tabacungenome, and analyzed for nuclear DNA content using flow cytometry.
Results demonstratgp expression to be a useful visual phepatymarker for identification
of maternal haploids at the seedling stage. DNA marker genotyping of survividgaptmd
plants suggests the role of one or more genéé. tabacunchromosome H in the lethality
reaction. Other genes b africanaorigin may also play a role in the lethality reaction.

Genotypingand chromosome counting fthree plants witmearhaploid nuclear DNA
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contens suggested a least a partial role for chromosome elimination in haploid generation

from theN. tabacun® N. africanainterspecific cross.

INTRODUCTION

Haploid plants are those that possess the gametic chromosome nuojnalner re
useful intermediates in plant breeding programs because they can be converted to doubled
haploids which can be sgibllinated to produce trugreeding inbred lines in a dramatically
reduced amount of time as compared to conventional methods of inbreeding. Tobacco,
Nicotiana tabacunt., has been as used a model system to develop and study doubled
haploid breeding methods. Anther or microsporéucalcan be used to efficiently produce
large numbegof haploid plants for this species (Bourgin andsblit, 1967 Nitsch and
Nitsch, 1969. Introduction of deleterious variation using this process (reviewed by
Wernsman, 1992) has limited the utility bfg method in practical breeding programs,
however. Haploid plants of both maternal and paternal origin can occur spontaneously at low
frequencies in progeny ®f. tabacun?® N. tabacunctrossesdeNettancourt and Stokes,
1960; Burk, 182, Lewis and Rose, 2011). Burk et al. (1979) found that, when pollinated
with the African speciehl. africana[Merx. and Buttler] N. tabacunwould yield low
frequencies of maternal haploidsis cross is a sentethal cross and greater than 99% of
the progeny die at the seedling stage due to an interspecific lethality reaction (ILR).
Surviving plants are a mixture of haploids and aneupleiaybrids (Kramer and Reed,
1988). Because of thegh number of seeds (~2500) produced per pollination, this method is

somewhat attractive for tobacco haploid isolation. For efficient use in a breeding program,
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however, a system for distinguishing plants of the two groups at the seedling stage is needed.
While leaf shape, trichome density and size, and stomatal measurements can help distinguish
haploids from aneuploid hybrids early in plant development (Flowers et al., 1967; Burk et al.,
1979; Reed, 1993), this process can still be considered an art apdoiacco breeding
programs have not adopted theafricanabased system of haploid production for this
reason.

A visual seed or seedling marker would be uskfubistinguishing maternal haploids
from aneuploidN. tabacun® N. africanaF. hybrids early in seedling development. Methods
previously used iNicotianainclude a recessive yellow seedling markey) (Burk, 1969);
the TMV resistance genBb, (de Nettancourt and Stokes, 1960); a rootlRas mutant
genetic stock (Elletier et al., 1987); and a transgenic purple seedling trait (Lewis and Rose,
2011). Some of these visible markers are not useful in applied breeding programs because of
the required genetics of elite cultivars. Expression of green fluorescent prdpgimight
also be used as a dominant seedling markét. #ffricanawere engineered to express visible
levels of gfp, aneuploidifhybrids fromanN. tabacun$® N. africanacross would likewise
be expected to express the trait, while matexhahbacunhaploids would notThe first
objective of this research was to transfdMmafricanato express gfp, and to evaluate a
genetic stock expressing this trait ftatility in separating maternal haploids from
aneuploid k- hybridsresultingfrom theN. tabacun® N. africanainterspecific cross.

The vast majority of progerfyom theN. tabacun® N. africanacross do not survive
because of an interspecific lethalityechanism. Hybrid lethality is of one of several genetic

systems that can contribute to reproductive isolation between species. In plants, the process
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can result in zygote abortion after fertilization in the embryo sac and/or cell death in the
tissue of lybrid seedlings after germination (Adachi, 2001; Mino et al., 2002). Hybrid
lethality is a commonly observed postzygotic barrierihybrids from interspecific crosses
betweerN. tabacumand species from secti@uaveolentefKostoff, 1930),0f which N.
africanais a membe(Knapp et al., 2004 Some authors have suggested that a gene or genes
on chromosome Q of thHe. tabacungenome contributes to the lethality responsid.in
tabacunm® N. africanahybrids (Tezuka et al., 2012pther authorgrovided evilence that a
gene or genes on chromosome H offthéabacungenome was involved in the lethality
respons€Burk et al.1979 Gerstel et al., 1979A secondary objective of this research was
to gain insight on the genetic control of the lethality respon#igs interspecific cross using
microsatellite marker genotyping.

Finally, Burk et al. (1979) suggested that the rate of maternal haploidy frdw the
tabacum® N. africanacrossreflected the rate of spontaneous parthenogenesis in this species
(approximately 1 in 1000 seed§ynogenesis is a form of parthenogenesis that is stimulated
by the presence of a sperm cell. Some interspecific crosses appear taestimula
parthenogenesis and, in most examples, fertilization of the polar nuclei occurs so that an
endosperm is produce@hromosome elimination, on the other han@ls®known to play a
role in haploid development someinterspecific crossekKésha and Kaal970;
Subrahmanyam and Kasha, 1973; Finch, 18288rie and Bennett, 198baurie and
Bennett, 1989Chen et al., 199Riera Lizarazu et al., 199&ernand et al., 2005In this
genetic phenomenon, the chromosomes of one parental species becoméeelimitiee

initial mitotic divisions following fertilization. In some cases, haploid plants have been
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identified that harbor addition chromosomes or introgressions donated by the wild parent
(Riera Lizarazu et al., 199€hen et al1999. An additional ofective of the current work
was to determine if evidence could be obtained to support éorataromosome elimination

in the generation of maternal haploids from khé¢abacun® N. africanacross.

MATERIALS AND METHODS

Transformation

Nicotiana africanawas transformed usinggrobacterium tumefacieraccording to a
modification of the procedure of An et al. (198&yrobacteriunstrain GV3101 carried
expression vector pBIN fgfp5-ER (Siemering et al., 1996; Haseloff et al., 1997) bearing the
m-gfp5-ER gene under the control of the CaM¥8Spromoter and linked to the selectable
marker genaptll. This gfp version was optimized using mutations to result in improved
expression andrgater fluorescence in plants (Heim et al., 1994bitt et al., 1995; Chiu et
al., 1996, Tsien, 1996; Siemering et al., 1996; Haseloff et al., 1997), and contains an
endoplasmic reticulum (ER) targeting sequence which results in protein concentration with
the lumen of the endoplasmic reticulum, instead of elsewhere in the cell (Haseloff et al.
1997).

After two days of cecultivation withAgrobacteriuminoculated leaf discs were
transferredo shoot regeneration medium comprised of MS inorganic saldesnented with 1
mg I benzylaminopurine, 0.1 mg -napthaleneacetic acié) g I* sucrose, and 7 ¢ kgar.

Also added wer&é00 mg 1+ kanamycin and 250 m¢} kcefotaximeto select for transformed

cells ando eliminate contaminating bacterRegenerated shoots were transferred to rooting
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medium consiting of MS inorganic salts plus 30-§ducrose and 7 ¢ bhgar.Rooted plants

were transferred to sefilled, 8 cm® 8 cm plastic pots containing Fafard 2P Mix (Conrad
Fafard, Inc., Agawam, MARnd were designated astRansformantdN. africanaplants
homozygous for a stablyxpresing single transgene copy were identified through a process of
selfpollination, Southern blotting, and evaluation of testcross progeny fesegragation of
thegfptransgene and its expressigfp expression was detamed by exposure of plants to a

near ultraviolet (365 nm) handheld UMA6 light (UVP, Inc., Upland, CA) in a darkened room.

Southern Blotting and PCR Testing

The presence @5Sm-gfp5-ERwas determined by both Southern blotting and PCR.
Genomic DNA vas extractedisinga FastDNA®Y Spin Kit ( MP Biomedicals, Santa Ana,
CA) and aBio FastPrep machine (BIO 101, Inc., Vista, CA) was used for tissue grirfaing.
Southern blotting, 12.5 pg of genomic DNA was digested witidlll and was separated on
a 0.8 %agarose gel at 16V for 20 hrs, followed by blotting to a Genescreen Plus nylon
membrane (PerkinElmer,Inc., Boston, MA) according to Sambrook et al. (1989). DNA was
UV cross linked to bind the DNA to the membrane. A 80@improbe was isolated using
foowmar d p FACMAAGGBTCCAAGGAGATATAACAATGA-3 0 and reverse
5-CCGGTTGAGCTCTTAAAGCTCATCATGTT-3 a . The PCR product wa:
and labeled with}32P-dCTP using a random primed DNA labeling kit (Roche Diagnostics
Corporation, Indianapolis, INRr& hybridization and hybridization with the radiolabeled

probe were performed according to Sambrook et al. (1989) in Perf@ciP{yb
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Hybridization Buffer (Sigma&Aldrich, Inc., St. Louis, MO)The DNA blot was washed and
exposed to xay film according® Sambrook et al. (1989).

PCR reactions to test for the presenc8xm-gfp5ERwere performed using a 96
well Bio-Rad PTG100® thermal cycler (BieRad Laboratories, Inc., Hercules, CA) in 20 pl
volumes containing 150 ngegn o mi ¢ DNA, 2 ¢l of 10X PCR buff
| pswich, MA), 24 ¢ll. ®&f ¢200mMM2MSGBE®™ dNTPOs, 0. ¢
MmGFP5 pri mer , 0.8 L of 50OM reverse mGFP5 pr
¢ 1) (New England Biolabs, Ipswic, MA) , a n g0. ReacBon parameiefs fgip H
transgene detection were a single cycle for 2:30 min at 94°C, followed by 29 cycles of 94°C
for 30 sec, 65°C for 60 sec, 72°C for 60 sec, and a final extension period of 5 min at 72°C.
Reaction produs were separated on a 1.5 % (w/v) agarose gels containing 0.15'ug ml
ethidium bromide in 34 TAE buffer. Gels were run for 2 hours at 100 V and were visualized

using a FOTODYNE Transilluminator (FOTODYNE Inc., Hartland, WI).

N. tabacun® N. africanaHybridizations

Flowers of burley tobacco cultivar TN 90LC were hand pollinated with pollen from
N. africanaline GH12195-3 identified to be homozygous at a sing%8 m-gfp5-ERlocus.
TN 90LC was chosen for use as the feniiléabacunparent becausaf its homozygosity
for recessive alleles at tlyellow burley 1(yb:) andyellow burley 2yly) loci. Theybyyb
ybpyby genotype results in an easily distinguished chlorophyll deficiency in the stems and leaf
midveins that becomes increasingly obvious abawy filays posgermination (Stines and

Mann, 1960). The yellow burley phenotype permits easy recognition of maternal haploids
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(ybwybe genotype; yellow burley phenotype) from aneuploidnferspecific hybrids (green
stem and leaf midvein phenotyg&)gure3.1) (Wernsman et al., 1989; Lewis and Rose,
2011).

Approximately 65,990 seed from the tabacun® N. africana35S m-gfp5ER
interspecific cross were germinated in 1622 cm plastic pans containing Fafard 2P Mix
and maintained in a laboratory growth room at 26°C W&Hnrlight : 6 hr dark light
conditions.Pans were seeded to an average deakipproximately 480 seeds per 10dm
After 20-25 days, all surviving plants were transferred to individual 8 @&rm plastic pots

containing Fafard 2P Mix.

Analysesof SurvivingN. tabacun$® N. africanaPlants

All surviving plants were first screed forgfp expression usinpng waveUV light
(365 nm) witha handheldUVL-56 lamp (UVP, Inc., Upland, CAj a darkened roonA
subset of 183urviving plants comprised of botfip-expressingind nonrgfp-expressing
plants were also (1) genotyped usir@RPto determine the presence/absen@s8im-gfps
ER (2) phenotyped for the yellow burley character, (3) phenotyped for TMV resistance
conferred by the gend|, located on chromosome H of tNe tabacungenome according to
Rufty et al. (1987), (4) gengbed with at least one microsatellite marker from each of the 24
N. tabacunminkage groups, (5) and quantified for nuclear DNA content using flow

cytometry.
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Microsatellite Marker Genotyping

A subset bthe surviving plants from thi. tabacun® N. africara 35S m-gfp5ER
interspecific cross wergenotyped at least one microsatellite locushhelabacuniinkage
group.Genotyping at a higher number of loci (13) krtabacunchromosome H was
conducted because of the implied role of this chromosome iettiedity response for this
cross (Burk et al., 1979 total of 280 microsatellite primer pairs published in Bindler et al.
(2011) were initially screened to identify those that clearly and easily amplified polymorphic
bands between the parental lines, JNLC and transgenid. africanaline GH12195-3.
Eighty-eight microsatellite primer pairs were ultimately selected for genotyping of surviving
plants based on the goal of representing éadhbacuniinkage group and a desire to have
an increased numbef markers folN. tabacunchromosome H. Although weewa priori
the genomic location of the amplified markers for khéabacungenome, we currently have
no knowledge of the location of the markers amplified folNhafricanagenome.

To identify the gnetic linkage group of Bindler et al. (2011) corresponding to
chromosome H of thH. tabacungenome, we hybridizeN. tabacuncultivar Hicks as a
pollen parent with a genetic stock of Red Russian monosomic for chromosome H (Red
Russian Haplo H). Sevengght primer pairs amplifying polymorphic markers from loci
representing each of the R4 tabacuniinkage groups were used to genotype 94 random
progeny from the Hickd Red Russian Haplo H cro$8ed Russian genotypes monosomic
for chromosome H transmit the unpaired chromosome thrtheyegg at a frequency of
approximatel\29.6% Clausen and Cameron, 1944)a marker were associated with a

chromosome other than chrosome H, each marker allele would be present for each of the
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94 progenylf a marker were associated with chromosome H, however, segregation for the
Red Russian allele would occur in these progé&fier identification of a candidate linkage
group correspading to chromosome H, an additional ten markers from that linkage group
were used to genotype the set of 94 progeny from the Hicks x Red Russian Haplo H cross to
verify their association with chromosome H. A gapecific marker\(hitham et al., 1994
for the TMV-resistance gené|, that is known to reside on chromosomelLdwis et al.,
2005 was also used.
Detection of PCR products was conducted using the labeling metisuhoélke
(2000. PCR reactions were performed in 15 pl volumes containing 25 tegngflate DNA
5 ndg,1cl5 e3APCOR biuof fer, 1.54 ¢l of @0 MM MgS®in
2.5 mM dNTP6s, 0.15 €L of 1M forward pri mer
0.75 ¢l of 1 &M MQ3DriRD8iI0Mer, Dt @c k LigneRde baq DN/
u 1 (New England Biolabs, 0.pswich, MA), and
PCR reaction conditions consisted of a denaturation step at 94°C for 5 min; 29 cycles
of 94°C for 30 sec, (Tm of primer)°C for 45 sec, 72°C for 45 sec; followed by 7 cycles of
94°C for 30 sec, (Tnii 3)°C for 45 sec, 72°C for 45 sec; and a final extension step at 72°C
for five min. Amplification products were separated using 8% polyacrylamide gels and a LI
COR 4300 DNA Analysis System ({COR Biosciences, Lincoln, Nebraska) under th
following conditions: 1500V, 40mA, 40W, and 45°C for 2.5 hr. IRDye-@®0Clabeled
molecular weight standards (6350 bp) were loaded on each gel to facilitate allele sizing

using AFLP Quantar 1.0 software (KeyGene Products B.V., Wageningen, Tierlsieds).
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Flow Cytometry

A subset of surviving plants from tiNe tabacun® N. africanacross were analyzed
for nuclear DNA content by flow cytometry using nuclei frointabacuntv. TN 90LC and
Glycine maxMerr. cv. NGRaleigh as internal control§he nuclear 2C DNA content of
soybean was assumed to be 2.5 pg (G@blet al., 2007)DNA extraction and propidium
iodide staining were performed with a CyStain Pl Absolute P kit (Partec North America, Inc.,
Swedesboro, NJ). Each sample was preparedbypagdi6 00 €L of col d nucl e
buffer to a 5 cm petri dish containing the standards and sample tissue. The sample leaf tissue
(approximately 2.5 cA) and internal standards were-claopped with a doubleedged razor
blade(Personna Medical, Americaraféty Razor Co., Verona, Virginidpr approximately
60 seconds, incubated in the extraction buffer for approximately 90 seconds, then filtered
throughaCellTrics3@ m f i Il ter (Partec North America, [
microcentrifuge tubelo ensure recovery of adequate amounts of nuclei, the tissue was
pressedinthe3@ m f i |l ter using the top of a disposal
remove the remainingxtraction buffetiquid containing nucleiSamples were stored on ice
ard centrifuged for 30 seconds at 13,200 rpm to pellet the nuclei. The supernatant was then
poured off and the nucleiwereseu spended i n 600 ¢l of cold st
extraction buffer, 6 el CyStain Waepidium | o0
incubated in the dark at room temperatures for at leas6@ominutes. After incubation, the
samples were filtered through a CellTrics8tn f i | t er i nto 5 ml BD Fal
(BD Biosciences, Franklin Lakes, NJ) and stored on ice idadneuntil analysewas

completed.
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Analyses was performed at the North Carolina State University College of Veterinary
Medicine (Raleigh, NCdn a BD LSR Il flow cytometer (Becteickinson Biosciences, San
Jose, CA) fitted with a 15 mW argon laser (extwdn at 488 nm) and propidium iodide
fluorescence (FLA?) detector. The flow rate was approximately 300 particles per second.
Signals from subcellular debris were gated out and the position of the G1 histogram peaks
was measured using BD FACSDiva softw@ectonDickinson Biosciences, San Jose, CA).
Histograms were based on 20,000 scanned events that were not gated out. DNA content (pg
nuclei!) was calculated as (sample histogram peak/standard histograns isk) content
of the standard. When intersjfecaneuploid hybrid sample histogram peaks overlapped
with the diploid standard, subsequent samples of those individuals were analyzed using the

soybean internal control only.

Mitotic Chromosome Counting

Somatic chromosome numig€Rn) of select plargfrom theN. tabacun$ N.
africanacrossweredetermined by counting the mitotic metaphas®mosomes in young
corolla tissuesPretreatment and fixation of the corolla tissues of the tobacco plargs w
done as described in Burrk964). Briefly, smallest buds (approximate@ymm in length)
were collected in ice water. Corollas were peeled off quickly and pretiegianl of
0.003M of 8hydroxyquinoline freshly mixed with five drops of saturated maltose solution
for 5-6 hours at 180°C. Pretreated corollas were then transfd to freshly prepared

fixative (6 parts 95% ethyl alcohol, 3 parts chloroform, and 1 part acetic acid) for 24 hours at
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room temperature. Freshly prepared 6:3:1 fixative was then used to store the corollas for
longerterm storage in a normal refrigerato

Chromosome squashes were made using the e
as described in Andres and Kuraparthy (2013). Briefly, corollas (1 or 2) stored in the fixative
solution were rinsed with 70% ethyl alcohol twice in a 1.5ml eppendorf tutes. rRmoving
the ethanol, corollas were rinsed with 1X citric buffer for 10 minutes by replacing with fresh
buffer 34 times using a glass pipette. Corollas were placed on a blotting paper and excess
citric buffer was quickly removed and dead tissue tnasmed off using a dissecting blade.
Corollas were then placed in a 0.5ml tubes containing thawed enzymatic solution ((1%
pectolyase Y23 (MP Biochemicals, Solon, OHand 4% cellulase Onozuka® (Yacult
Pharmaceutical Industry Co. Tokyo, Japan)) acdlated at 37°C for one hour in an
incubator (Boekel Scientific In¢easterville, PAUSA). After incubation, tubes with
digestion mix were plunged in ice and filled with 1XTE buffer. After TE buffer was carefully
removed, the corolla tissue was gentlyshved with 100% iceold ethanol at least twice.
Ethanol was completely removed and 30ul of the freshly prepared solution of 9 parts glacial
acetic acid and 1 part methanol was added. Corolla tissue was gently mashed using a rounded
off needle. A 68 ul soltion was then dropped omegcleaned Gold Seal microscope slides
(Thermo Fisher Scientific Inc., Houston, T>§lides were briefly dried under humid
conditions and chromosomes spreads on the slides werdinkeskon aSpectroLinker Xk
1000 UV Crosslinkr (Spectronics Corporation, Lincoln, NE)hese slides with
chromosome spreads were rinsed in 2X SSC for 20 minuteS@ia2l transferred to 1X

PBS buffer for 5 minutes. Excess buffer on the slides was removed by placing the tilted slide
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edges on a btong paperOne drop of icecold propidium iodide (PI) prenixed with
Vectashield mounting medium (Vector Laboratories, Burlingame, CA) was added to each
slide in order to stain the chromosomes. Slidese covered with 24x50mm cover slips prior
to visualzation. Cells were examined under an Olympus BX53 Dark Fluorescence
microscope (Olympus Corporation, Tokyo, Japan) connected to a Prior Lumen 200 light
source (Prior Scientific, Cambridge, UKJhromosomes counts were made for at least 5
cells for each #lle. Images were captured using a Hamamatsu OR8aamera

(Hamamatsu Photonics, Hamamatsu, Japan) and processed using cell sense dimension

imaging software (Olympus Corporation, Tokyo, Japan).

RESULTS

Plant Transformation and Identification of StablenBgenic Families

A total of twentyfour 35Sm-gfp5-ERtransformants (RRgeneration) expressir@gFP
were successfully regenerated from tissue culture. Southern blot data was used to identify
fourteen derived\. africana+ 35Sm-gfp5-ER progeny with singleransgene insertions
(Figure 32). Phenotypic and genotypic (PCR testing for GFP construct) analysis of testcross
progeny (37 individuals) was used to identify a single line, GHI23, which was

homozygous foasingle transgene locus and that exhibitedble hgh expression of GFP.

Population Development, Phenotypic and Genotypic Analysis

Approximately 65,990 seeds were generated from hybridization betweaabacum

burl ey cultivar OTN 90L Qd&fricarsat+ 3I58regfpbERiire.l e and
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An estimated 99.62% of the total seeds derived from the cross failed to develop past the
cotyledonary stage. A small number of seedlings continued to develop normally as
previously described by Burk et al. (1979). The separation between the survigingra
surviving individuals becomes increasingly apparent over time (Fig8yreA3.day 5 (Figure

3.3), the majority of seeds have germinated and all seedlings are relatively the same size.
Between days 11 to 14, surviving individuals become increasoiyipus (Figure 3).

Between days 15 to 17, it becomes clear which individuals will survive and which
individuals will die due to the interspecific lethality reaction. On days 19 and 20, the F
hybrids that possess the genes for the interspecific ligthadiction begin to wilt, and show
signs of yellowing of the leaves. By day 22, there is significant yellowing of the leaves,
tissue necrosis, and wilting of all Rybrids exhibiting the lethality reaction. Between 18 and
22 days posseeding, survivingeedlings were first screened for GFP expression and then
transplanted to larger pots (Figurd and Figure &). The total number of surviving plants

was 254 (Table 3), of which 176 were neGFP expressing (69.3%), aiié were GFP
expressing (30.7%JPCR testing waslsoused to determine the presence/absence of the GFP
transgeneComplete correspondence between genotypic and phenotypic results was observed

(AppendixD).

Ploidy Analysis and Microsatellite Marker Genotyping

A subset of 183urvivingindividuals (6 gfp-expressing and 107 naip-
expressing) were selected for further analysis using flow cytometry and microsatellite marker

genotyping to generate information on the genetic composition of these individuals. Of the
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107 nongfp-expressing lants, 103 had a nuclear DNA content of approximately half of that
of TN 90LC (9.94 pg nuclé) with a range of 4.298 to 5.63®) nuclei! (Figure3.6). A
representative flomytometryhistogram for a haploid individual is presented in Figure 3.7.
One plant had approximately the same estimated DNA content (9.271 pg HuadeTN

90LC, and exhibited strong phenotypic resemblance to this cultivar. This individual may
have been the result of inadvertent gelflination, a rare apomictic event, or spontareo
chromosome doubling of a haploid. Three 1gfp-expressing plants (#72, #145, and #205)
had nuclear DNA contents that were intermediate between that of haploid and diploid DNA
contents foN. tabacun(Figure3.6 and Figure 3)8 These three plants hadreormal
phenotypes that were very atypiéal those generally observed fdr tabacun® N. africana
progeny(Figure 3.9)

The 107 norgfp-expressing plants were also genotyped using at least one
microsatellite marker peM. tabacunlinkage group and also genotyped for the presence of
the TMV-resistance gend\ (a total of 40 markers) (Appéix E). Although we know the
genomic location of thal. tabacunalleles (Bindler et al., 2011), we had no beforehand
information on the genomic positions of tReafricanaalleles. Only theéN. tabacuralleles,
and noN. africanaalleles, were amplifiedof 101 of the 107 noegfp-expressing plantg.his
in contrast to the observation of Bll tabacumandN. africanamarkers being amplified
from DNA extracted from cotyledonary tissue of dying plants. For the three plants with
intermediate DNA contents, dll. tabacunalleles were amplified, but variable numbers of
N. africanaalleles were also amplified (24 for plant #72, 12 for plant #145, and 21 for plant

#205) the full genotypes for these three plants can be found in AppEndhe mitotic
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chromosome umbers for these plangslants #72, #145, and #20%vere determined to be
37, 30and39, respectively (Figure.B0). A small number oN. africanamarkers 2 to 6)
were also amplified fohtreeplants plants#4,#237, and #245) withear haploidNA
conents and chromosome numbers of 27 and 5, respectively (Figue3.11, 3.12, and
3.13. All of these threglants were of abnormal phenotype relative to otioergfp-
expressinglants(Figure 3.1). All non-gfp-expressing plants carriédllocated on
chromosome HAIl of these plants also exhibited the yellow burley phenotype except the
three individuals with intermediate DNA contentsZ##145, and #205), artdreeplants
with nearhaploid DNA content and that carriddd africanamarkers (#4#237,ard #245.
Nuclear DNA contents for gfpxpressing plants were much more variable than those
for the nonRgfp-expressing plants and ramggom 7.819 to 11.658g nuclei! (Figure 3.6,
excluding the DNA content for an obvious patemahfricanahaploid (Fgure3.15 and
Figure 3.B; plant #106; DNA content = 5.486 pg nudigia representative floaytometry
histogram for gfpexpressing individuals is presented in Figur&3Nb gfp-expressing plant
exhibited the yellow burley characteristic.
Microsatellite marker genotyping of gfexpressing progeny indicated all of these
plants, except one (thé. africanapaternal haploig possessed most of the tabacunmand
N. africanamarker alleles. No ghexpressing plant carried all of thi africanaandN.
tabacumalleles, and the number N africanaandN. tabacunalleles that were present was
variable (Table.2). Linkage group 11 of Bindler et al. (2011) was found to correspohd to
tabacumchromosome H, as markers from this linkage group (and only tlki&ge group)

were found to exhibit segregation in progeny of the Red Russian Haplditks cross
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(Figure3.18). Based upon genotypes at 13 wadlaced microsatellite loci on linkage group
11,29 gfp-expressing plants were found to possess an iNtaebacumchromosome H,
while 12 plants were missing chromosome H, and 35 plants carried a fragmented
chromosome H at various breakpoints along the chromosome (Bid@yeln cases where
chromosome H was fragmentéd, tabacunmarkers from positions 0.0 cM 72.8 cM were
generally present, while those more distant were aliSenthe29 plants possessing an
intactN. tabacunthromosome H, thil. africanamarker amplified by PT3034&as deleted
in all plants except two, #75 (which died at a young age) ab8.&2&presentative gel

images for microsatellite genotyping can be found in AppeHdix

DISCUSSION

TheN. africana+ GFP system permits efficient identification of maternal haploids
resulting from theéN. tabacun® N. africanainterspecific crosdnterspeific hybrids
expressed GFP, while maternal haploids did not. Alth@ugimall number afionGFP
expressinglants were fountb possess variable amountd\bfafricanagermplasmthese
individuals would not have been selected for use because of theimadminenotypesThe
frequency of haploid individuals was comparable to those previously reported and is high
enough to merit the use of this system in a tobacco breeding program. Previous reports have
proposed that genes on the Q chromosonié tdibacumnare responsible for hybrid lethality
in interspecific crossdsetweerN. tabacumandrelatedNicotianaspeciesf section
Suaveolentes such Bs suaveolenandN. africana(Marubashi and Onnosato, 2002; Tezuka

et al., 2007; Tezuka et al., 201R).the wrrent research, howevehromosome H is clearly
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implicated in the lethality reaction, ameée clearlyassociate linkage group 11 withs
chromosomeWe demonstratéthata region orlN. tabacunchromosome H contains a gene
or gene(s) in which the loss all or a part of that region on chromosome H results in
interspecific hybridsurvival.

Several sexual barriersuch as the interspecific hybrid lethality reaction, exist as a
form of reproductive isolation between related species (Stebbins, 1958 ¥dmada et al.,
1999. A gene or gene(s) from boti. tabacunandN. africanaareprobablyneeded for the
interspecific lethality reaction to occuross of eithegeneresults in the survival of a plant
as evidenced by the fact that we identified 29 intee#e hybrid plants with an intact
chromosome H fron\. tabacurmand were presumably surviving due to the loss of a gene
from N. africanathat is essentidbr hybrid lethality.

Interspecific crossdsetween speciesppear tgossiblystimulategynogenes.
Gynogenesiss a form of parthenogeneswhich is triggered by the presence of a sperm cell
This isdefined as a form of asexual reproduciioplants and can lead to the development
of an embryo originatingxclusively from the egg cell (Li et aRP09). It is possible that the
primary mechanism of haploid production usingkhéabacun® N. africanasystem is due
to gynogenesis. Chimoyo (1986) foutigtfertilization in theN. tabacun® N. africana
crossoccurred at about six days following po#ition ascompared with two days in the
selfedN. tabacuntheckandsuggestedhatthis delay in fertilization could possible result in
the production of haploid individuals due to the following: 1)ghesence of thslow
growing pollen tubes dfl. africanamay help to maintain unfertilize. tabacunovules, 2)

theunfertilizedN. tabacunovules continue to grow during the period between pollination to
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fertilization, 3) when fertilization does occur, not all of the ovules received male gametes,
and 4) naternal haploid embryos are induced to develop into seed by the presence of
neighboring hybrid embryos. This could possibly be the mechanism kggimodenesisand
the production ohaploid individualgn theN. tabacun® N. africanainterspecific cross.
From the current study, however, evidence was produced which suggests at least a partial
role for chromosome elimination in the development of haploids frorN th&bacun® N.
africanainterspecific crossThis wasevidencd bythe fact that few plants &re identified
with anearhaploid nuclear DNA contenthich had aradditionof two tothreeN. africana
chromosomes. It would be extremely unlikely for such plants to have arisen from the union
of a 24chromosomé\. tabacungamete and awo to threechronbosome gamete froi.
africana.

Chromosome elimination occurs in some interspecific hybrids between closely
related species, such learley Hordeum vulgarg® Hordeum bulbosuptorn Zea mayk?
oat (Avena sativg corn Zea mayg3 wheat {Triticum aestivurjyy and wheatTriticum
aestivum® pearl millet Pennisetum glaucuniKasha and Kao, 1970; Subrahmanyam and
Kasha, 1973; Finch, 198Baurie and Bennett, BY; Riera Lizarazu et al., 1996&ernand et
al., 2005) Chromosome elimination is the selective elimination of one parental genome and
can result from wide crosses between species. We do not have enough evidence to
discriminate the portion of haploids thmtly or may not have arisen from parthenogenesis
versus chromosome elimination. Li et al. (2009) observed similar results in maize and were
unable to conclude whether or not maternal haploids arise primarily due to chromosome

elimination or parthenogenesiad suggested that a cytological investigation was needed to
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determine the exact process of haploid development. Chimoyo (1988) also suggested
chromosome elimination as a possible route for haploid formation M.ttaacun? N.
africanasystem and pragsed that the only way to prove this theory would be to count the
chromosomes of the fertilized embryos at different stages of growth in a manner similar to
that used by Subrahmanyam and Kasha (1973).

We obtainedhreeindividuals with a 2C nuclear DNA atentin between that of an
interspecifichybrid and haploidwhich had an addition @& to 15 N. africanachromosomes
These individuals likely arose due to incomplete or partial elimination of one set of parental
chromosomes. The presence of maize chemmes in oat maize derivatives indicates that
maize chromosome elimination in Gamaize crosses is not always complete (Riera
Lizarazu et al., 1996). The initiation and timing of chromosome eliminékiely affects the
probabilityof possible DNA intogression, intergenomic translocations, or genome
rearrangements following interspecific hybridization. Gernand et al. (2005) observed late
completion of chromosome elimination in whégiearl millet crosses and suggested that
this might increase the paitial for chromatin introgression from pearl millet into wheat. Li
et al. (2009) proposed a model of maternal haploid induction in maize and suggested that the
stage of development when chromosome elimination was initiated strongly contributes to the
posgbility of DNA introgression from the paternal parent

The timing difference of DNA replication between the parental species in an
interspecific cross also exists as a mechanism for transfer of chromosome ségnmeone
parental species to the otheridg chromosome elimination. After successful interspecific

fertilization, two different peentalgenomes are combined within one nucldtithe two
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parentalspecies have differences in the timing of various phases of the mitotic cycle, this
may cause clomosome elimination and possible transfer of chromosome segments from one
genome to the otheGernand et al. (2005) also suggested that elimination of pearl millet
chromosomes from wheatpearl millet crosses could be triggered by asynchronous DNA
replication of the two parental genomes. Replication arrests have been shown to induce DNA
double strand breaks, genome rearrangements, and deletions in model organisms (Michel,
2000). This sugests that if the timing of DNA replication differs between the two parents, it
might contribute to breakages of chromosomes (Gernand et al., 2005).

An additional hypothesis of the mechanisms of chromosome elimination includes the
formation of micronucleiwhich areselectivdy removed from the nucleu§ernand et al.
(2005) foundselective elimination of pearl millet chromatin from the nucleustoat®
pearl milletembryos.This occurred due to the formation of micronuclei followed by the
purging of the pearl millet chromatin from the hybrid nuclei during interplragare
cytological studies are needed to fully understand the percentage of hagividuals

arising due to chromosome elimination following interspecific hybridization in tobacco.
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Table 31. Frequency of individuals pragted through pollination of TN 90LC witd. africana+ 35S:mgfp5ER
Subset of 18 Individuals

Total No. Total No.

Pollination No. No. ;Sﬁs:vl?lnod nonGFP GFP Total No. | '[otal NO.];. Total No.
Date Pollinations Seed Seedlings Expressing Expressing Haploid n arsggu IC Othef
Plants Plants Plants ybrid Plants
Plants
5/1/2013 10 10117 30 15 15 12 15 3
5/20/2013 2 1469 8 6 2 6 2 -
5/21/2013 5 2583 12 5 7 5 7 -
5/23/2013 3 1653 6 5 1 5 0 -
5/24/2013 7 3999 16 11 5 11 5 -
5/28/2013 16 7808 34 21 13 21 13 -
5/29/2013 14 7748 22 10 12 7 10 1
5/30/2013 10 1305 7 7 0 7 0 -
5/31/2013 13 4909 19 10 9 9 9 1
6/3/2013 15 9417 41 35 6 14 6 1
6/4/2013 24 14982 59 51 8 3 8 2
Totals 119 65990 254 176 78 100 75 8

@Other plants: Seven ngBFP expressig plants and one GFP expressing plant. Of the seve@ioP expr essing fiothero plants,
haploid individuals wittN. africanamarkers presenthree werentermediate plants with the DNA between that of an haploid and diploid

individual andoneindividual thatarose due tinadvertent sefpollination, a rare apomictic event, or spontaneous chromosome doubling of a
haploid. The one GFP expr bNafsidamalippldgidot her 6 pl ant i s the paternal
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Table 32. Analysisof molecular markesin 76 GFP expressing individuak66 = not . appl i cabl e

Number of Plants with Marker Alleles Detected

Map . Both N. . N-genePCR No N-gene
Marker LG2  Position N. africana africanaand TN9OLC Missing Product PCR
(cM)? allele only TN9OLC allele only Both Detected Product
alleles Detected
PT54449 1 109 2 74 0 0 - -
PT60291 2 4.375 0 73 2 1 - -
PT30202 3 88 1 73 0 2 - -
PT60037 4 88.053 1 73 1 1 - -
PT30111 5 59 1 74 1 0 - -
PMI40021 6 0 0 72 1 3 - -
PT52970 7 31.027 1 74 0 1 - -
PT61234 8 51.742 2 74 0 0 - -
PT30259 8 113.75 2 74 0 0 - -
PT60486 9 59.912 1 74 0 1 - -
PMI30241 10 88.425 1 73 2 0 - -
N-gene 11 - - - - - 61 15
PT54640 11 0 14 60 1 1 - -
PT60305 11 19.846 12 43 15 6 - -
PT30027 11 22.637 14 60 2 0 - -
PMI2033n 11 38.629 14 57 4 1 - -
PT60533 11 72.867 19 40 10 7 - -
PT30046 11 92.921 38 36 1 1 - -
PT60209 11 96.231 39 23 13 1 - -
PMI30417 11 109.58 42 32 0 2 - -
PT53801 11 121.714 45 30 0 1 - -
PT50670 11 121.714 45 31 0 0 - -
PT30342 11 121.984 46 3 27 0 - -
PT50436 11 122.547 44 30 1 1 - -
PT52778 11 124.48 35 15 14 12 - -
PT52131 12 72.395 3 69 4 0 - -
PT30459 12 120.955 2 74 0 0 - -
PT30364 13 73.653 1 74 0 1 - -
PT54896 14 1.109 1 74 1 0 - -
PT30151 15 96.977 1 74 1 0 - -
PMI30302 16 69.3% 1 74 1 0 - -
PT30214 17  110.313 1 73 1 1 - -
PT40024 18 35.223 2 72 1 1 - -
PT61078 19 68.32 1 71 1 3 - -
PMI30484 19 108.07 2 68 3 3 - -
PT60600 20 27.816 3 71 2 0 - -
PT61086 21 40.328 1 75 0 0 - -
PT51913 22 33.293 2 72 1 1 - -
PT54253 23 24.88 1 71 4 0 - -
PMI40035 24 48.976 1 74 1 0 - -

aBindler et al., 2011.
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Figure 3.1. Visual classification of the yellowistvhite colored stem of a yellow burley
(yybr ybpyby) individual (right) versus the greeolored stem of ainterspecifichybrid
individual (left).
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Figure 3.2. Southerrblot gel imageusing a labeledt+gfp5-ER probefor
the fifteenN. africana+ 35Sm-gfp5-ER plants showing transgene copy
number. Arrow indicatesN. africanaline GH12-1953 with a single35S
m-gfp5-ERinsertion
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Figure 3.3. Timeline of the interspecific lethality reaction for 5 to 22 days after seeding

170



171




172



Figure34.Gynogeni c hapl oid it Nafmdana356mati on: OTN
ofp5-ER A: Visualization under normal light. B: Visualization under UV light
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Figure 35. Visualization of maternal haploid vs: Rybrid. A: Visualization
under normal light. B: Visualization under UV light
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Figure 3.6. Scatter plot showing the distributief all flow cytomety data. Individuals are ordered from least amount of DNA to
greatest.

176



Soybean + TN90 +WH-141 |
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Figure 3.7. Flow cytometry histogram showing relative G1 peaks as
follows: M1 for control (soybean), M2 for haploid< 2 4 ) -164Vilaid,
M3 for diploid (2=4x=48) O TN9OLCOG.
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Soybean +TN90 +WH-205 |
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Figure 3.8. Flow cytometry histogram showing relative G1 peaks as follows: M1 for
control (soybean), M2 fanterspecifichybrid individual withintermediate DNA
contentand M3 fordiploid (2n=4x=48) O TN9OLCG.
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Figure 3.9. Abnormal pheotypes of plants resulting from bhetabacun® N. africana

interspecific cross.
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Figure 3.10. Mitotic metaphase chromososef the three interspecific hybrid individuals with intermediate
DNA contentresulting from theN. tabacunx N. africanainterspecific coss. Chromosomes were stained with
propidium iodide (PI). A: Plant #72, 37 chromosomes, B: Plant #145, 30 chromosomes, C: Plant #205, 39
chromosomes.
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1

Figure 3.11. Mitotic metaphase chromosomes of the thnéerspedic hybrid individuals

with low nuclear DNA content resulting from the tabacumx N. africanainterspecific

cross. Chromosomes were stained with propidiunde{Pl1).A: Plant # 4, 27 chromosomes,
B: Plant 237, 27 chromosomg C: Plant #25, 26 chromo®mes.
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Figure 3.12. Flow cytometry histogram showing relative G1 peaks as
follows: M1 for control (soybean), M2 fondividual with low nuclearDNA
contento W2 376, and MB=4fxo=r4 8d)i pdl ToN 9d0 L(C206 .
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Figure 3.13. Gel image of microsatellite marker
PT30027 showing both parental marker bands
present iplant No. 4.



Figure 3.14. Abnormal pheotypes diiree individuals withow nucleaDNA content

resulting from theN. tabacun® N. africanainterspecific crossA: plant #4, B: plant #237,
C: plant #245.

184



Sovybean + NV gfricana + WH-106 |
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Figure 3.15. Flow cytometry histogram showing relative G1 peaks as
follows: M1 for control (soybean), M2 fd\. aficanahaploid 6=23)
OWH 0606, and MB=46)N africaha.pl oi d ( 2
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Haploid Diploid

Figue 3.16. Plant on the left is thH. africana+ 35Sm-gfp5-ER haploid plant derived
from the interspecific cross. Plant on the righhis diploid paternal parei. africana+
35Smgfp5ER.
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Figure 3.17. Flow cytometry histogram showing relative G1 peaks as
follows: M1 for control (soybean), and M2 fmterspecifichybrid
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175 bp—pr g
Red Russian allele

Figure 3.18 Top:representitive gel image of a microsatellite marker from linkage grbups

10 and 1224, excluding linkage group 11) intlieRe d Ru s s i%amHi Ha&kpsléo FH O
hybrid populationComparable results we observed from all microsatellite markers from

linkage groups 1 10 and 1224.Bottom: gel image of microsatellite marker PMI120383n

from linkage group 11 corresponding to chromosome N.dabacuninthe6 Red Russi an
Hap | &0 Hib c khgbdd pépultion Comparable results were obserdedthe
additionalmicrosatelliete markeifsom linkage group 11
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225
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TN90LC

Figure 3.19. Microsatellite marker gentypes for all 35 individuals with variols. tabacum
chromosome H breakages. Presenamiofosatellite marker is indicated by shading

I (T2 T2T) 0L9051d
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Appendix A

Topped, untopped and combined miarent heterosis and significance levielsall traits
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Mid -parent Heterosis (%}

Topped
K 3263 TH32 6.8% 3.1% -7.1%* -4.6%* 20.7%****
K 3263 TH3T 26.85%* 18.4%* -5.6% -6.8%** 21.3%****
K 3263 Narrow Leaf Madole 8.8% 5.9% -1.5% -2.6% 4.6%
K 3263 NC 606 2.3% 5.7% -3.4% 2.7% 1.3%
K 3263 Coker 176 5.8% 6.6% 0.5% -0.4% 119%**
K 3263 Speight168 17.5%* 16.8%* -1.9% -0.7% 1.2%
K 3263 Conn. Shade 8212 -16.0% -15.6% -3.9% 0.3% 14.1%****
K 3263 K 346 3.1% 3.7% -6.5%* 1.4% -2.9%
Untopped
Genotype (C;éor\]/\g T ;ayt?) (k;lilgjl) Leaf Number Eﬁ)ﬁetro PIan(tC;(;lght
K 3263 TH32 20.4%* 17.0%* -8.2%** -1.6% 27.7%****
K 3268 TH3T 23.4%* 15.6% -10.2%** -5.8%** 20.7%****
K 3263 Narrow Leaf Madole 12.5% 9.8% -2.8% -2.7% 6.9%*
K 3263 NC 606 2.5% 4.7% -3.0% 2.1% 6.2%*
K 3263 Coker 176 12.7% 10.0% 1.1% -1.9% 8.5%**
K 3263 Speight 168 27 .2%** 24.1%** 0.1% -2.8% 7.8%*
K 3263 Conn. Shade 8212 13.2% 13.9% 2.5% -0.5% 17.5%p%***
K 3263 K 346 13.5% 14.6% -1.2% 1.4% 0.3%
Topped and Untopped
Genotype (%Or\:\ﬂ ;ayt% (k;'ehlg_l) Leaf Number E%ﬁ;ﬁ Plan(tcx?ght

K 3263 TH32 13%* 9.4% -7.6%** -3.1%* 2504 ****
K 3263 TH3T 25.2%p*** 17.1%** -7.9%** -6% *rr* 2100 ***
K 3263 Narrow Leaf Madole 10.5% 7.7% -2.1% -2.6% 6.0%
K 3263 NC 606 2.4% 5.2% -3.2% 2.4% 4.2%
K 3263 Coker 176 9.0% 8.2% 0.8% -1.2% 10%
K 3263 Speight 168 22%p*** 20% *** -1.0% -1.7% 5.0%
K 3263 Conn. Shade 8212 -2.6% -2.1% -0.7% -0.1% 16% **
K 3263 K 346 8.0% 8.7% -3.9% 1.4% -1.0%

a ke and *** indicate significance atP= 0.05, 001, 0.001, and 0.0001 levels, respectively.
bTH32= 4x(N. sylvestris< N. otophora

TH37= 4x(N. sylvestris<x N. tomentosiformjs
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Appendix B

F2 plants selected foo and high growth ratend corresponding trait values for growth
rate, yield, leaf number, days to flower, and plant height.
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Group  Plant Growth Rate Yield (g Leaf Daysto Plant Height

(g plantt day!) plant))  Number  Flower (cm)
357 5.16 413 16 59 153
323 5.48 488 17 68 168
228 5.49 500 16 70 149
230 5.86 551 18 73 98
428 4.94 415 17 63 163
Low 321 4.21 375 21 68 127
Growth 172 5.33 463.5 21 66 150
Rate 157 4.75 480 18 80 109
180 4.28 372.5 16 66 137
278 3.89 346 16 68 118
302 4.58 385 15 63 124
177 4,78 416 20 66 159
242 4.07 383 15 73 117
afLow F 4.83 429.85 17.38 67.92 136.31
268 13.28 1155 21 66 185
208 11.36 954 16 63 149
47 12.99 1091 18 63 151
7 15.55 1353 20 66 145
66 15.15 1318 19 66 197
283 14.42 1211 17 63 151
High 31 13.78 1102 15 59 158
Growth 54 1397 1215.5 20 66 179
Rate 81 13.28 1155.5 18 66 169
306 13.02 1068 16 61 183
161 13.75 1155 19 63 163
320 15.72 1383 17 67 161
16 15.60 1279 20 61 150
«jHigh B 13.99 1187.69 18.15 63.85 164.69
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Appendix C

Representativelenotypes of individuals in tHegh growth rate families ¢p) andow
growth rate familieskjottom).
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Appendix D

Individual Plant LotNumber Phenotypic Data, Marker Data, 2C DNA Conientd DNA
Ploidy.
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Flow Cytometry

Plant Lot No. Visual GFP N-gene )\//lf;bill 2C DNA
GFP Marker yboyby Content DNA Ploidy

1 5/1-1 - - + + 5.406 Haploid

2 5/1-1 - - + + 9.271 Diploid®

3 5/1-1 - - + + 4.962 Haploid

4 s1-1 - . " : 5.142 '”tHe;SbF;%‘;iﬁc

5 5/1-1 - - + + 4.938 Haploid

6 5/1-1 + + + - 10.587 InterspecifidHybrid
7 5/1-1 + + - - 10.407 InterspecificHybrid
8 5/1-1 + + + - 9.637 InterspecifidHybrid
9 5/1-2 - - + + 4.889 Haploid

10 5/1-2 - - + + 4.883 Haploid

11 5/1-2 - - + + 5.025 Haploid

12 5/1-2 - - + + 4.979 Haploid

13 5/1-2 - - + + 5.014 Haploid

15 5/1-2 + + + - 10.233 InterspecificHybrid
16 5/1-2 + + + - 10.388 InterspecificHybrid
17 5/1-2 + + + - 10.524 InterspecificHybrid
18 5/1-2 + + + - 10.231 InterspecificHybrid
19 5/1-3 - - + + 5.258 Haploid

20 5/1-3 - - + + 5.155 Haploid

21 5/1-3 - - + + 5.260 Haploid

22 5/1-3 - - + + 5.019 Haploid

23 5/1-3 + + + - 9.928 InterspecificHybrid
24 5/1-3 + + + - 10.015 InterspecificHybrid
25 5/1-3 + + + - 10.241 InterspecificHybrid
26 5/1-3 + + - - 10.545 InterspecificHybrid
27 5/1-3 + + + - 10.615 InterspecificHybrid
28 5/1-3 + + - - 10.574 InterspecificHybrid
29 5/1-3 + + + - 9.000 InterspecificHybrid
30 5/20-1 - - + + 5.329 Haploid

31 5/20-1 - - + + 5.062 Haploid
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Flow Cytometry

Plant Lot No. Visual - GFP N-gene )\//lils;li} 2C DNA
GFP  Marker yooyb, Content DNA Ploidy
32 5/20-1 - - + + 5.337 Haploid
33 5/20-1 - - + + 5.250 Haploid
34 5/20-1 - - + + 5.270 Haploid
35 5/20-1 - - + + 5.237 Haploid
37 5/20-1 + + + - 10.824 InterspecifidHybrid
38 5/20- 1 + + - - 10.628 InterspecificHybrid
39 5/21-1 - - + + 5.138 Haploid
40 5/21-1 + + + - 11.215 InterspecificHybrid
41 5/21-1 + + + - 10.597 InterspecificHybrid
42 5/21-1 + + + - 10.728 InterspecificHybrid
44 5/21-2 - - + + 5.267 Haploid
45 5/21-2 - - + + 5.144 Haploid
46 5/21-2 - - + + 4.663 Haploid
47 5/21-2 + + + - 10.488 InterspecificHybrid
48 5/21-2 + + + - 9.172 InterspecificHybrid
49 5/21-2 + + - - 10.045 InterspecificHybrid
50 5/23-1 - - + + 5.222 Haploid
51 5/23-1 - - + + 5.291 Haploid
52 5/23-1 - - + + 5.321 Haploid
53 5/23-1 - - + + 5.189 Haploid
54 5/23-1 - - + + 5.193 Haploid
56 5/23-1 + + + N/A N/A InterspecificHybrid
57 5/24-1 - - + + 5.268 Haploid
58 5/24-1 - - + + 5.181 Haploid
59 5/24-1 - - + + 5.179 Haploid
60 5/24-1 - - + + 5.117 Haploid
61 5/24-1 - - + + 5.195 Haploid
62 5/24-1 - - + + 5.155 Haploid
63 5/24-1 - - + + 5.103 Haploid
64 5/24-1 - - + + 5.000 Haploid
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Flow Cytometry

Plant Lot No. Visual GFP N-gene )\//l;f;l;} 2C DNA
GFP Marker yboyby Content DNA Ploidy
65 5/24-1 + + - - 10.276 InterspecifidHybrid
66 5/24-1 + + + - 9.986 InterspecificHybrid
67 5/24-1 + + + - 9.351 InterspecificHybrid
68 5/24-2 - - + + 5.305 Haploid
69 5/24-2 - - + + 5.169 Haploid
70 5/24-2 + + + - 9.325 InterspecificHybrid
71 5/24-2 + + + - 9.667 InterspecificHybrid
72 5/1-2 - - + - 8.107 InterspecificHybrid®
74 5/21-1 + + + - 9.196 InterspecificHybrid
75 5/1-2 + + + - N/A InterspecificHybrid
76 5/21-2 - - + + 4.684 Haploid
80 5/24-1 - - + + 4.679 Haploid
82 5/28 4 - - + + 5.236 Haploid
83 5/28 4 - - + + 5.268 Haploid
84 5/28 4 + + + - 11.028 InterspecificHybrid
85 5/28 4 + + + - 10.273 InterspecifidHybrid
86 5/28 5 - - + + 5.262 Haploid
87 5/28 5 - - + + 5.632 Haploid
88 5/28 5 - - + + 5.141 Haploid
89 5/28 5 - - + + 4.482 Haploid
90 5/28 5 - - + + 4.711 Haploid
91 5/28 5 + + + - 11.653 InterspecificHybrid
92 5/28 5 + + + - 10.999 InterspecificHybrid
93 5/28 5 + + - - 10.565 InterspecificHybrid
94 5/28 5 + + + - 10.377 InterspecificHybrid
95 5/28 5 + + + - 9.359 InterspecificHybrid
96 5/28 5 + + - - 9.779 InterspecificHybrid
97 5/29- 1 - - + + 4,719 Haploid
98 5/29- 1 - - + + 4.611 Haploid
99 5/29- 1 - - + + 4.707 Haploid
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Flow Cytometry

Plant Lot No. Visual GFP N-gene )\//tl)f;l;} 2C DNA
GFP Marker yboyby Content DNA Ploidy

100 5/29- 1 - - + + 4.549 Haploid

101 5/29 1 - - + + 4521 Haploid

102 5/29- 1 + + + - 10.484 InterspecificHybrid
103 5/29- 1 + + - - 10.896 InterspecifitHybrid
104 5/29-1 + + + - 9.633 InterspecificHybrid
105 5/29-1 + + + - N/A InterspecifitHybrid
106 5/29-1 + + - - 5.270 N. africanaHaploid
107 5/28 1 - - + + 4.681 Haploid

108 5/28 1 - - + + 4.490 Haploid

109 5/28 1 + + - - 7.943 InterspecificHybrid
110 5/28 1 + + + - 7.819 InterspecificHybrid
111 5/28 1 + + + - 8.421 InterspecificHybrid
112 5/28 2 - - + + 5.251 Haploid

113 5/28 2 - - + + 4.473 Haploid

114 5/28 2 - - + + 5.420 Haploid

115 5/28 2 - - + + 4.885 Haploid

116 5/28 2 - - + + 4.457 Haploid

117 5/28 2 - - + + 4.720 Haploid

118 5/28 2 - - + + 4538 Haploid

119 5/28 2 - - + + 4.308 Haploid

120 5/28 2 + + + - 8.923 InterspecificHybrid
121 5/28 3 - - + + 4.525 Haploid

122 5/28 3 - - + + 4.298 Haploid

123 5/28 3 - - + + 4.391 Haploid

124 5/28 3 - - + + 4.510 Haploid

125 5/28 3 + + + - 8.174 InterspecificHybrid
126 5129 2 + + + - 8.606 InterspecificHybrid
127 5/29 2 + + + - 8.247 InterspecificHybrid
128 5/29- 3 - - + + 4.484 Haploid

129 5/29- 3 + + + - 8.506 InterspecificHybrid
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Flow Cytometry

Plant Lot No. Visual GFP N-gene )\//kf;;l/ 2C DNA

GFP Marker yboyby Content DNA Ploidy
130 5/29 4 - - + + N/A N/A
131 5/29- 4 + + + - 8.525 InterspecifitHybrid
132 5/29- 4 + + + - 8.584 InterspecifitHybrid
133 5/29- 4 + + + - 8.908 InterspecifitHybrid
134 5/29- 5 - - + + N/A N/A
135 5/29- 5 - - + + N/A N/A
136 5/29- 5 - - + + 4.446 Haploid
137 5/29- 5 + + - - 8.921 InterspecifitHybrid
138 5/30- 1 - - + + 4.892 Haploid
139 5/30- 1 - - + + 4.607 Haploid
140 5/30- 1 - - + + 4,757 Haploid
141 5/30- 1 - - + + 4.663 Haploid
142 5/30- 1 - - + + 4,710 Haploid
143 5/30- 1 - - + + 4.677 Haploid
144 5/30- 3 - - + + 4.765 Haploid
145 5/31-1 - - + - 6.475 InterspecificHybrid®
146 5/31-1 - - + + 4.796 Haploid
147 5/31-1 - - + + 4,762 Haploid
148 5/31-1 - - + + 4.923 Haploid
149 5/31-1 + + + - 9.032 InterspecificHybrid
150 5/31-1 + + + - 9.508 InterspecificHybrid
151 5/31-1 + + + - 9.035 InterspecificHybrid
152 5/31-1 + + + - 9.321 InterspecificHybrid
153 5/31- 2 - - + + 4.962 Haploid
154 5/31- 2 - - + + 4,725 Haploid
155 5/31-2 + + + - 9.017 InterspecificHybrid
156 5/31- 2 + + + - 9.236 InterspecificHybrid
157 5/31- 2 + + + - 9.341 InterspecificHybrid
159 5/31-3 + + + - 9.957 InterspecifitHybrid
160 5/31-3 + + + - 9.566 InterspecifitHybrid
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Flow Cytometry

Plant Lot No. Visual GFP N-gene )\//tl)f;ti/l 2C DNA
GFP Marker yboyby Content DNA Ploidy
161 5/31-3 - - + + 5.270 Haploid
162 5/31-4 - - + + 4.936 Haploid
163 5/31-4 - - + + 4.862 Haploid
164 5/31-4 - - + + 4.685 Haploid
165 6/3-1 + + - - 10.203 InterspecificHybrid
166 6/3-1 - - + + 4.765 Haploid
167 6/3-1 - - + + 4.654 Haploid
168 6/3-1 - - + + 4.607 Haploid
169 6/3-1 - - + + 4.620 Haploid
170 6/3-1 - - + + 4,765 Haploid
171 6/3-1 - - + + 4,718 Haploid
172 6/3-1 - - + + 4.608 Haploid
173 6/3-1 - - + + 4.746 Haploid
174 6/3-2 - - + + 4.729 Haploid
175 6/3-2 - - + + 4.703 Haploid
176 6/3-2 - - + + 4.758 Haploid
177 6/3-2 - - + + 4.689 Haploid
178 6/3-2 - - + + 4.700 Haplad
179 6/3-3 + + + - 8.901 InterspecificHybrid
180 6/3-3 + + + - 9.577 InterspecificHybrid
181 6/3-3 - - + + N/A N/A
182 6/3-3 - - + + N/A N/A
183 6/3-3 - - + + N/A N/A
184 6/3-3 - - + + N/A N/A
185 6/3-3 - - + + N/A N/A
186 6/3-3 - - + + N/A N/A
187 6/3-4 + + - - 9.020 InterspecificHybrid
188 6/3-4 + + + - 8.804 InterspecificHybrid
189 6/3-4 + + + - 9.090 InterspecificHybrid
190 6/3-4 - - + + N/A N/A
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Flow Cytometry

Plant Lot No Visual GFP N-gene )\//tl)f;l;} 2C DNA
' GFP Marker yonyby Content DNA Ploidy
191 6/3-4 - - + + N/A N/A
192 6/3-4 - - + + N/A N/A
193 6/3-4 - - + + N/A N/A
194 6/3-4 - - + + N/A N/A
195 6/3-4 - - + + N/A N/A
196 6/3-4 - - + + N/A N/A
197 6/3-4 - - + + N/A N/A
198 6/3-4 - - + + 5.163 Haploid
199 6/3-5 - - + + N/A N/A
200 6/3-5 - - + + N/A N/A
201 6/3-5 - - + + N/A N/A
202 6/3-5 - - + + N/A N/A
203 6/3-5 - - + + N/A N/A
204 6/3-5 - - + + N/A N/A
205 6/3-5 - - + - 7.949 InterspecificHybrid®
206 6/4-1 - - + + N/A N/A
207 6/4-1 - - + + N/A N/A
208 6/4-1 - - + + N/A N/A
209 6/4-2 + + + - 8.452 InterspecifitHybrid
210 6/4-2 + + + - 9.356 Interspecific Hybrid
211 6/4-2 + + - - 9.013 InterspecifitHybrid
212 6/4-2 + + + - 9.544 InterspecifitHybrid
213 6/4-2 - - + + N/A N/A
214 6/4-2 - - + + N/A N/A
215 6/4-2 - - + + N/A N/A
216 6/4-2 - - + + N/A N/A
217 6/4-2 - - + + N/A N/A
218 6/4-2 - - + + N/A N/A
219 6/4-2 - - + + N/A N/A
220 6/4-3 - - + + N/A N/A
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Flow Cytometry

Plant Lot No Visual GFP N-gene )\//t;f;bill 2C DNA
: GFP Marker ybyb:  Content DNA Ploidy
221 6/4-3 - - + + N/A N/A
222 6/4-3 - - + + 4.847 Haploid
223 6/4-3 - - + + 4,798 Haploid
224 6/4-3 - - + + N/A N/A
225 6/4-4 + + + - 9.517 InterspecificHybrid
226 6/4-4 + + + - 9.196 Interspecific Hybrid
227 6/4-4 - - + + N/A N/A
228 6/4-4 - - + + N/A N/A
229 6/4-4 - - + + N/A N/A
230 6/4-4 - - + + N/A N/A
231 6/4-4 - - + + N/A N/A
232 6/4-4 - - + + N/A N/A
233 6/4-5 - - + + N/A N/A
234 6/4-5 - - + + N/A N/A
235 6/4-5 - - + + N/A N/A
236 6/4-5 - - + + N/A N/A
237 6/4-5 - - + + 4.951 Interspecific Hybrid
238 6/4-6 - - + + N/A N/A
239 6/4-6 - - + + N/A N/A
240 6/4-6 - - + + N/A N/A
241 6/4-6 - - + + N/A N/A
242 6/4-6 - - + + N/A N/A
244 6/4-7 - - + + N/A N/A
245 6/4-7 - - + + 5.248 Interspecific Hybrid
246 6/4-7 - - + + N/A N/A
247 6/4-7 - - + + N/A N/A
248 6/4-7 - - + + N/A N/A
249 6/4-7 - - + + N/A N/A
250 6/4-7 - - + + N/A N/A
251 6/4-7 - - + + N/A N/A
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Flow Cytometry

Visual GFP  El+g2  Viswl
Plant Lot No. GFP Marker  Marker 3)//%2{/%2/ ZC%r?tgrﬁ DNA Ploidy
252 6/4-7 - - + + N/A N/A
253 6/4-7 - - + + N/A N/A
254 6/4-7 - - + + N/A N/A
255 6/4-7 - - + + N/A N/A
256 6/4-7 - - + + N/A N/A
257 6/4-8 + + + - 8.898 InterspecificHybrid
258 6/4-8 + + + - 9.076 Interspecific Hybrid
259 6/4-8 - - + + N/A N/A
260 6/4-8 - - + + N/A N/A
261 6/4-8 - - + + N/A N/A
262 6/4-8 - - + + N/A N/A
263 6/4-8 - - + N/A N/A N/A
264 6/4-8 - - + + N/A N/A
265 6/4-8 - - + + 4,784 Haploid

andividual that arose due toadvertent selpollination, a rare apomictic event, or spontaneous
chromosome doubling of a haploid
bInterspecific hybrid with low DNA content.

“Interspecific lybrid with intermediate DNA content
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Appendix E

Analysis of molecular markers k07 noRGFP expressing individuals -& & not appl i
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Number of Plants with Marker Alleles Detected

Bqth N. No N-gene
Map — africana  2MC@MN3  rngoLc  Missing VIENCPCR T pep
Marker LG* Position allele only and allele only  Both Product Product
(cMm)2 TN9OLC Detected Detected
alleles
PT54449 1 109 0 2 105 0 - -
PT60291 2 4.375 0 1 106 0 - -
PT30202 3 88 0 1 106 0 - -
PT60037 4  88.053 0 3 102 2 - -
PT30111 5 59 0 3 104 0 - -
PMI40021 6 0 0 4 103 0 - -
PT52970 7  31.027 0 4 102 1 - -
PT61234 8 51.742 0 1 106 0 - -
PT30259 8 113.75 0 2 105 0 - -
PT60486 9  59.912 0 3 104 0 - -
PMI30241 10 88.425 0 1 103 3 - -
N-gene 11 - - - - - 107 0
PT54640 11 0 0 1 106 0 - -
PT60305 11 19.846 0 2 104 1 - -
PT30027 11 22.637 0 1 106 0 - -
PMI20383n 11 38.629 0 3 104 0 - -
PT60533 11 72.867 0 2 105 0 - -
PT30046 11 92.921 0 0 105 2 - -
PT602® 11 96.231 0 0 104 3 - -
PMI30417 11 109.58 0 0 106 1 - -
PT53801 11 121.714 0 0 106 1 - -
PT50670 11 121.714 0 1 106 0 - -
PT30342 11 121.984 0 0 107 0 - -
PT50436 11 122.547 0 1 106 0 - -
PT52778 11 124.48 0 1 106 0 - -
PT52131 12 72.395 0 3 104 0 - -
PT30459 12 120.955 0 1 104 2 - -
PT30364 13 73.653 0 1 106 0 - -
PT54896 14 1.109 0 3 102 2 - -
PT30151 15 96.977 0 3 104 0 - -
PMI30302 16 69.375 0 2 105 0 - -
PT30214 17 110.313 0 1 106 0 - -
PT40024 18 35.223 0 1 106 0 - -
PT61078 19 68.32 0 1 105 1 - -
PMI30484 19 108.07 0 3 103 1 - -
PT60600 20 27.816 0 3 103 1 - -
PT61086 21 40.328 0 1 106 0 - -
PT51913 22 33.293 0 2 105 0 - -
PT54253 23 24.858 0 3 103 1 - -
PMI40035 24 48.976 0 3 104 0 - -

aBindler et al., 2011.
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Appendix F

SSR Marker Genotype Data fohreePlants with Intermediate DNA Contents
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SSR Map Position Individual Plant Genotype®

,_
®

Marker (cM)? 72 145 205
PT54449 1 109 H T H
PT60291 2 4.375 H T T
PT30202 3 88 T T T
PT60037 4 88.053 H H H
PT30111 5 59 H H H
PMI40021 6 0 H H H
PT52970 7 31.027 H H H
PT61234 8 51.742 T T H
PT30259 8 113.75 H T H
PT60486 9 59.912 H T H
PMI30241 10 88.425 H T T
PT54640 11 0 T T H
PT60305 11 19.846 H T T
PT30027 11 22.637 T T T
PMI20383n 11 38.629 H T H
PT60533 11 72.867 H T T
PT30046 11 92.921 T T T
PT60209 11 96.231 T T T
PMI30417 11 109.58 T T T
PT53801 11 121.714 T T T
PT50670 11 121.714 T T H
PT30342 11 121.984 T T T
PT50436 11 122.547 T H T
PT52778 11 124.48 H T T
PT52131 12 72395 H T H
PT30459 12 120.955 H T -
PT30364 13 73.653 T T T
PT54896 14 1.109 H H H
PT30151 15 96.977 H H H
PMI30302 16 69.375 H H T
PT30214 17 110.313 T T H
PT40024 18 35.223 T T H
PT61078 19 68.32 H T -
PMI30484 19 108.07 H H H
PT60600 20 27.816 H H H
PT61086 21 40.328 T T H
PT51913 22 33.293 H H T
PT54253 23 24.858 H T H
PMI40035 24 48.976 H H H

aBindler et al., 2011.
8 ndi vi dual pl ant genotype: 6T06= Noafricn® OthLdd band, 61
60 = missing.
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Appendix G

SSR Marker Genotype Datar the Threelndividualswith Low NuclearDNA Content
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