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LITERATURE REVIEW

The genu®enotherd.. belongs to the familPnagraceaeand contains 145 species.
The genus contains 15 subgenera which inchmegra(Spach) JepsChylismia(Torr.
& A. Gray) Jeps.Eulobus(Nutt. ex Torr. & A. Gray) MunzQenotherarorr. & A. Gray,
GauropsigTorr. & Frém.) MunzHartmannia(Spach) MunzHeterostemoiutt.,
Kneiffia (Spach) Munzl.avauxia(Spach) JepsMegapteriumSpach) Munz,
PachylophugSpach) JepsRaimannialRose ex Britton & A. Br.) MunzZRenneriaH.P.
Fisch.,SphaerostigméSer.) Jeps. ex Munz, afi@raxia(Torr. & A. Gray) Jeps.
(Missouri Botanical Garden, 2013). Evening prinerésthe most often used common
name for species in the gemdsnothera Other common names include suncup or

sundrop.

Light Absor ption

Many of theOenotheraspecies are very tolerant of direct sunlight. Betrand Raven
(1974) identified the pigments responsible fordbatrasting ultraviolet patterns which
identified several species Gfenotherao insect pollinators. The UV pattern interaction
with nocturnal pollinators has also been invesédah conjunction with floral chemical

attractants (Kawaano et al. 1995). The mechanisnmaotection



from and acclimation to solar UV-B rays Benothera strictd.edeb. ex Link were

identified (Robberecht and Caldwell, 1983).

Range

The genus has a broad habitat range, with 66 spraiéve to the U.S. and represented
by at least one species in every state excludiaghkd. Although some species are
considered weeds, many of the species are grogardens or have commercial interest.
The spread of invasiv@enothera sppthroughout Europe over the last 200 years was
studied by Mihulka and PySek (2001). Populationgimating from South America were

found largely in oceanic regions while North Amancspecies were found inland.

Evening Primrose Oil

Many varieties of the speci€enthera bienni&. are grown worldwide as an oil crop;
Oenotheraseed oil is used as a dietary supplement forgarhent of medical
conditions ranging from eczema to rheumatoid arthfimmel, 2001). The oil content
and chemical composition of evening primrose seasl described by B.J.F. Hudson
(1984). Seeds were found to contain 15% proteifs Bil and 43% cellulose plus lignin.
The oil component fatty acids @fenotheraspp. seed contained up to 14% gamma-
linolenic acid, an omega-6 fatty acid. Seed angtofiB2 species representing the 15
sections ofDenotheravere explored in a systematic and evolutionaryystudTobe et

al. (1987). It was found that the distinct diffieces in seed coat tissues, particularly the
exotesta, mesotesta and endotesta were indicdtttre evolutionary lineages for each

species.



LifeCycles

Oenotheras a ubiquitous and benign herbaceous genus wiapity perennials, though
some species have an annual or biennial growth,ddpending on the individual
drought tendencies of the native climate in whiabhespecies evolved (Evans et al.,
2005). Evans et al. later investigated the impéctimate change on two subgenera of

OenotheraAnograandKleinia (2009).

Flowersand Pollinators

The flowers ofOenotherarange from 2 to 5 cm in diameter. Flowers are diserse
and non-aromatic, with colors usually yellow, piok,white. Many of the flowers are
capable of blooming both day and night suckbasothera specioddutt., but several
taxa including those in sections Lavauxia, Anograd Kleinia are exclusively night
blooming (Raguso et al., 2007; Theiss et al., 20H@)llinators ofOenotheranclude
honeybees , flies, birds, and a variety of motletuniing the hawk-moths (Krakos, 2011).
Hawk-moths are the primary pollinators of mosthe#f hight blooming evening primrose
species. The honeybee and moth typically pollitlzeday-bloomers. The behavior of
these pollinators was shown to be significantlyacted by the structural changes in
flowers due to grazing from herbivores (Mothershaad Marquis, 2000). Given ideal
conditions found in nature, it was found that p@hon from honeybees could achieve

complete seed-set @enothera fruticosd. (Silander and Primack, 1978).



Genetic Mutations

Much work has been done in the field of genetieaesh and breeding with regard to the
Oenothera The genus was studied extensively by renownedlegr of plant genetics
Hugo De Vries in 1886. De Vries (1915) determittesl coefficient of mutation for
Oenothera biennik. andOenothera lamarckianauct. In a culture of 8500. biennis
specimens, 3 different types of mutants were oleskte spontaneously emerge. He
classified themrmanella(0.1%) semigigag0.05%)andsulfurea(0.3%) In O.

lamarckiana De Vries found higher numbersmdinella(1.5%) andsemigigag0.3%),

but no evidence of the pigment mutation observesliifurea Mass mutations of up to
50 percent were also observed in some strai@eobthera pratincol®artlett (Bartlett,
1915). The wide variety of species has been afiapmterest because of a tendency for
genetic anomaly in nature of several sections &bkl 1936). The first spontaneous
polyploid was discovered i@enothera lamarckianaThe subsequent mutants and
crosses were studied by R.R. Gates (1907). Théwigzgous of these mutants was
Oenothera rubrinervis&ates (1909). It was i@. rubrinervisthat chromosome ring
formation was first observed Denothera Even numbers of four to 14 chromosomes
often form varying numbers of linked rings in mepecies oDenothera Odd numbers
of five or nine chromosomes, however, have beeerrobd in trisomic specimens
(Cleland, 1967). Chromosome catenatio®@anotheravas expounded on later in other

works (Darlington, 1929).

The structure and function of pollen formatiorOenothera gigasas well as otheD.
lamarckianamutant hybrids was outlined by Gates. It was @rpldhow the tetraploid
cells would reduce to diploid gametes, and yetimdtee same volume (Gates, 1907,
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1911). Gates showed the cytological makeup otdtraploid hybridO. lata gigaso be

an uneven distribution of its 21 chromosomes. oimatic cells that were investigated,
fourteen were paternally originated, and 7 wereenma (Gates, 1909). Incompatibility
in Oenotherahas been the subject of many studies. Many o$pleeies oDenothera
have been found to be self-incompatible or incompatvith closely related genotypes.
It has been observed that in several populatiomsgiwenOenotheraspeciesQenothera
laciniata Hill), as many as 15 genotypes, with a mean of t@rbexist within one
population (Ellstrand and Levin, 1982). A serié$onr genotypically different
populations ofOenothera organensidunz were polycrossed to find that all four were
completely self-sterile, and partially incompatillgh their related genotypes (Emerson,
1939). Emerson determined that the self-stenlizg due to the stylar rejection of pollen
tube growth from any pollen cell carrying eithertsfallelomorph components
(Emerson, 1940). Clonal propagation from vegegatittings was possible, but seed
was found to be completely inviable. This selfiitg was later overcome by irradiating
O. organensigpollen, resulting in self-compatible mutants (Lewi949). The pollen
tube growth ofO. organensisas in mosODenotheraspecies, is more rapid in
competition. Though it was found to be clonallpeatable, it has a low heritability rate

(9.4%) inO. organensigHavens, 1994).

Phylogenetic Revisions

Several newly discovered combinations were showovitng a detailed botanical
review of three€Denotherasections around the United States (Wagner, 1988dhin
OenotherasectionMegapteriumthree new subspecies ©knothera macrocarpilutt.

(O. macrocarpasubspincana, O. macrocarpaubspoklahomensiandO. macrocarpa
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subspfremonti), and one new specig3enothera howardif. Niels., (previously
Lavauxia howardiiA. Niels.) were defined from related populationsuard the
southwest United States and northern Mexico. Tistratt Oenothergpopulations in
Colorado from sectioRachylophusvere also identifiedOenothera harringtonii
Wagner was determined as its own distinct spedidsad previously been classified a
variety ofOenothera caespitoddutt. eximiasensuMunz. Conversely, the species
Pachylophus macroglottRyb. was redefined @enothera caespitosa subsp.
macroglottisdue to its distinguishing leaf morphology and hatbitn sectionOenothera
O. elataH.B.K. hirsutissima(A. Gray ex S. Wats.) Dietrich was distinguisheahirits
previous classification @enothera biennik. var. hirsutissimaA. Gray. Populations
previously included if©Denothera rhombipetalsensu Munz. from around the eastern
United States were found to have a continuousafrigl chromosomes, distinguishing
them from the rest of the species. These populaticere redefined &enothera
clelandii Dietrich, Raven and W.L. Wagner. Also in sectidenotherathree
populations from Arkansas, Nevada and Alabam@eaiothera heterophyll&pach. were
found to be distinct and separate from the maicispeand reclassified &enothera
herophyllasubsp orientalisDietrich, Raven and W.L. Wagner. Wagner et al8g)9
outlined the systematics and evolution of the gs@enothera caespitosahich
includes five subspecies. The systematic of se&tiwiffia, and its five recognized
species were outlined by Straley (1977). Wagn#aloorator, Werner Dietrich (1977)
had previously published an account of the SoutleAcanOenotherasection
Oenotheraprimarily a revision of the 57 taxa in subsectdanziaMunz, as well as a

revision of subsectioBmersonig1985). Wagner published several revisions to the



existing taxa oDenotherajncluding one new specie®énothera coryiW.L. Wagner),
three new sectionfR@venia, EremiandContortag, a subsection d?achylophugalled
Australis(Wagner, 1986), as well as several species of asadsection isolated from
subsectiorRaimanniacalledOenotherasectionOenotherasubsectNutantigemma
Dietrich and Wagner (1987)Raven et al. (1979) had previously outlined theteaypatics
of subsectiorEuoenotherafinding it to contain basic A, B, and C genomic gexes
which remain homozygous or interbreed to form leetggotic combinations of the three
original genotypes composing all species withingtlesection. The complete nucleotide
sequence of a plastid chromosome was mapped@enothera elat&unth, one of the
major species of subsecti&@uoenothergHupfer et al., 2000). This map covered
plastome one of the five distinguishaBleoenotheraglastomes and provided a greater
understanding of how mar@enotheraspecies evolved their unique abilities for

interspecific hybridization and complex heterozygos

Limited work has been done with regard to comméhmieeding ofOenotheraand its
tendency for mutation has not been fully explorédnold and Kressel (1965) utilized
several chemical and physical mutagens in an atterpduce stable plasma mutations
in several species @enotherawithout success. Many of ti@enotheraspecies show
potential for cultivation as commercial ornamental®wever there have been only a few
commercially available cultivars developed as beddgilants in the United States. The
appeal of this genus as a commercial ornamentplwould be increased greatly by the
incorporation of leaf morphology changes such akuariegation, or the incorporation

of novel flower colors from related genera of ptant
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CHAPTER |

GENETIC MUTATION OF THREE OENOTHERA SPECIES

Oenotheral.. is a perennial flowering herb which has seanitéd cultivar development. The
introduction of mutant characteristics such as leafegation may increase the appeal of the
genus. The three speciesGd#notheraused in this study wer@enothera speciosa, Oenothera
pallida, andOenothera missouriensi$hese three species represent the phenotypicsdivef
the genus in flower color, texture, and growth halieeds were treated with ethyl

methanesulfonate and metal ion solutions in oml@nduce mutation.

Hypothesis 1 Oenotheraseeds treated with EMS will yield desirable mutagio

Hypothesis 2: The addition of metal ions into thd3solution will increase the rate of mutation.

I ntroduction

Mutation breeding has produced many valuable plhatacteristics in a number of
crops, including dwarf plants in bell pepper (Altam et al. 1996); ‘naked-tufted’ seed
coat mutants in cotton (Bechere et al. 2009); demifism, waxy endosperm and other
heritable characters in rice (McKenzie and Rut886); and the formation of
adventitious buds i€hrysanthemum morifoliufBroertjes et al., 1976). Methods for

inducing plant mutations include physical mutagand chemical mutagens. Physical
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mutagens include various types of radiation ineigdalpha, beta, gamma, and X-rays
which are ionizing radiations. The mode of acfimnionizing radiations is the breakage
of hydrogen bonds in DNA strands, causing crodsalyes of genes. Non-iodizing

radiations such as UV rays induce purine or pyringdlimers.

Chemical mutagens are a diverse group of agentshvdaiuse genetic changes in a
variety of ways. Acridine dyes such as proflavamel acridine orange bond between
nucleotides, disrupting their arrangement and cguadditions and deletions of bases.
Base analogues such as 5-bromo-deoxyuridine inolase pair substitutions. Sodium
azide is a potent chemical mutagen which convegittssme to a modified base and can
induce chromosome breakages. Alkylating agentsaoéher group of chemical
mutagens commonly used in plant mutagenesis airdhiogle of action is alkylating
phosphate groups causing mis-pairing or loss afsa3hey include ethylene amine
(El), ethylene oxide (EO), ethyl ethane sulphoi{&teS), diethyl sulphate (DES), N-
nitroso-N-ethyl urea (NEU), N-nitroso-N-methyl ur@dMU) and ethyl

methanesulfonate (EMS) (Toker et al., 2007).

The alkylating agent EMS has proved to be an effeahemical mutagen as a seed
treatment in many species such as maize (NeuftkFasor, 1963), eucalyptus
(McManus et al., 2006) and in cowpea (Girija anchbdwvel, 2009). Ethyl
methanesulfonate is an alkylating agent which \waditst chemical found to cause
unambiguous mutation in T2 phages (Loveless, 196&8)yl methanesulfonate causes
point mutations by, among other similar mechanistisylating guanine nucleotides into
O-alkylguanine. This transformed nucleotide nageenbonds with cytosine, but with

uracil, during RNA synthesis before mispairing witlymine during DNA replication.

12



This change prompts a functional switch from guanmadenine in the DNA strand
(McManus et al., 2007). Ethyl methanesulfonateliesen shown to have induced
successful point mutations and even chromosomédgea in large amounts of plants of
various crop types (Emmanuel and Levy, 2002). @lasome aberrations Wicia faba

L. have also been observed as a result of EMStesdt(Michaelis and Rieger, 1963).
The visible effects of EMS treatment on seedlinigsasticultural crops include leaf and
cotyledon distortions, chlorophyll deficiencies atthormalities, loss of height or vigor,
and delayed or deformed flowers (Girija and Dhah&@09). The most common effect
of EMS on seeds is failure to germinate or eargdag death. The mortality rate

caused by EMS can vary greatly among plant species.

Ethyl methanesulfonate-treated individuals arecoobpetitive in relation to non-treated
plants because of their lack of vigor and otheroabmalities. The M2 and further
generations are used to establish elite lines,wtaecry the chemically mutated genes
that may be desirable (Alcantara, 1996). BhatthMarayanan (1965) were able to
increase the mutation rate of EMS Arabidopsis thaliangL.) Heynh. through the
addition of copper and zinc ions. Similar resulese seen iVicia faba(Moutschen-
Dahmen, 1963)Triticum L. (Bari, 1963) andHordeumL. (Moutschen and Degraeve,

1965).

A concentration of 20 mM EMS has been proven tesssfully produce variegated
seedlings oDenothera hookeforr. & A. Gray (Epp, 1973). Chlorophyll mutantave
been one of the primary results of EMS treatmetiigher plants (Gaul et al., 1966).
Ethyl methanesulfonate has often been used to endaigegated leaves in ornamental

plants (Pan and Upadhyaya, 1998; Smith and Braii)2 Leaf variegation can
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introduce phenotypic variety into an already conuiadlly successful cultivar which
makes it a popular trait among ornamental groweoh (@and Davies, 2001). Variegation
has also been observed to occur spontaneou€igmothera The ‘LISHAL'’ cultivar

was discovered as an unintended variegated offgpfithe unpatente@enothera

‘Crown Imperial’ cultivar at a nursery in Great Birt that was the result of spontaneous

mutation (Catt, 2008).

The goal of this research is to discern the bextgature or set of procedures for inducing
variegated leaves or other morphological changésreeOenotheraspecies using

varying concentrations of solutions of EMS and fiwetal ions.

Materials and Methods

Oenothera pallidaLindl., O. speciosautt., andO. missouriensidlutt. seed were
purchased from Everwilde Farms (Bloomer, WI) inisgiof 2010. On 10 December
2010, seeds of each species were counted intoa2®gof 100 seeds. Each group

represented a mutagen treatment and there weeerdpkcations for each treatment.

Treatments included a control (de-ionized wategplaition of de-ionized water and

0.6% EMS (Thermo Fischer Scientific, Bridgewatewhship, NJ); 1QuM zinc sulfate
heptahydrate (Sigma-Aldrich Corp., St. Louis, MO),uM zinc sulfate heptahydrate

plus 0.6% EMS, 2@M zinc sulfate heptahydrate, 201 zinc sulfate heptahydrate, 10

uM manganese sulfate monohydrate (Sigma-Aldrich C&p Louis, MO), 1@M
manganese sulfate monohydrate plus 0.6% EM@MEhanganese sulfate monohydrate,
20 uM manganese sulfate monohydrate plus 0.6% EM$M.@hromium trioxide (J.T.

Baker Chemical Co., Phillipsburg, NJ), @Bl chromium trioxide plus 0.6% EMS, 20
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uM chromium trioxide, 2QuM chromium trioxide plus 0.6% EMS, 1M cupric sulfate
(Sigma-Aldrich Corp., St. Louis, MO), 1M cupric sulfate plus 0.6% EMS, 20M

cupric sulfate, 2@M cupric sulfate plus 0.6% EMS, 10 aluminum potassium sulfate
(Sigma-Aldrich Corp., St. Louis, MO), 1M aluminum potassium sulfate plus 0.6%
EMS, 20uM aluminum potassium sulfate, and 2@ aluminum potassium sulfate plus
0.6% EMS. Each of the five metals were dilutedemnized water. Each treatment was
placed into an individual empty tea bag (Liptonjlever Co., Englewood Cliffs, NJ).

The teabags were then grouped by treatment ingtipléiploc (236mL) containers with

lids (SC Johnson, Racine, WI).

Seeds were left in each solution (15.55°C) for @4rk. On 11 December 2010, seeds
were removed from solution. Each individual teabag rinsed with tap water for 10
seconds and the seeds were taken out and lefy fordiwo hours at 15 to 16°C. Seeds
were then spread evenly over Metro-mix 902 pottiveglia (Sun Gro Horticultural,
Vancouver, BC, Canada) in six inch azalea pots (['TBflite, Myers Industries Inc.,
Akron, OH). Seeds were then lightly covered wittni more of pottingmedia. Seeds
were watered daily as necessary to maintain sasgton@. Germination numbers were
then counted for each treatment for 30 days folgwnitial germination. Mutagenic
affects such as leaf distortions and chlorophytiaimalities recorded based on visual
observations. Data was analyzed with the GLM ptace using t-tests (p<0.05) of the
least squared differences in SAS 9.3 (SAS Institutg Cary, NC). The experimental

design was completely random by species.
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Results and Discussion

Significant differences in germination rate werersamong the mutagen treatments
(Tables 1.1). The control group ©f missouriensiseed germinated at a rate of 60%,
while the seed treated with 0.6% EMS solution h&&w@germination rate, which was
significantly lower (P<0.05). The germination rafeD. missouriensiseed treated
solely with metal ions was not significantly diféert than control. Similarly, the seeds
treated with EMS and metals did not produce sigaiftly different results than the EMS

treatment alone (Table 1.1).

The control group 0D. pallidaseed germinated at a rate of 46.33%, which wasehig
than the germination of seeds treated with 0.6% EbI6tion (11.66%). Only one of the
metal ion treatments (Cupric sulfateu®0 + EMS) produced significantly less
germination than control. All of the rest of i@e pallidatreatments were statistically

equal to the untreated seed (Table 1.1).

The control group oD. speciosaeed germinated at a rate of 52.33%, which wasehigh
than seed treated with 0.6% EMS (36.66%). Twarmneats: the lower concentration of
zinc alone (1AM) and chromium (10M) plus EMS produced germination equal to that
of control. The lower concentration of chromiumatment resulted in significantly
higher germination than control (p<0.05). The migyaof the other treatments were
statistically similar. The low aluminum concentoatiplus EMS resulted in the lowest
averageD. speciosagermination (16.7%). Average germination ratesra830 days of
growth for each treatment can be seen in Table This is consistent with results from

an experiment to induce mutation @enothera hookeliEpp, 1974). Seeds which were
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treated with 0.04 and 0.08 M solution of EMS resdilin viability rates which were
significantly lower than untreated seed. The OWDBMS treatment also resulted in

significantly lower viability (9%) than the 0.04 Meatment (29%).

The 10 and 2@M addition of the metal ions were not significandlifferent from each
other across the three treated species (Table Edr)O. missouriensiandO. pallida,
these treatments were not significantly differentrf control. In the experiment
performed by Bhatia and Narayanan (1965), equateranations of metal ions were
added to a 10 x £@M solution of EMS and distilled water. Seeds wiben soaked in
the solutions for 24 hours at 24°C. The resulfoabidopsisshowed that EMS in the
presence of metal ions produced significantly natierophyll deficient mutants. The
exposure to heavy metals alone has been knowrute@romosome aberrations in
Vicia fabaandAllium ceparoot tips (Minissi et al., 1998). Low concentraisoof copper
(25 ppm), zinc (200 ppm), and chromium (40 ppm)exfeund in polluted streams in
which chromosome aberrations were observed in pkrd higher rate than non-polluted
areas. The results of this experiment may diffemf Minissi et al. (1998) due to the
prolonged exposure of the streamside plants anditfeging forms of the metals.

Metals such as chromium are more soluble in watet,therefore more easily absorbed

by plants (Cervantes et al., 2001).

One potential cause for the different results wdaddhe concentration of EMS. In this
study, the concentration of EMS was much highen thaBhatia and Narayanan, (0.6%
EMS: roughly equal to 0.0%81). With a much higher concentration of EMS, the
comparatively smaller concentrations of metal iora/ not have been enough to

influence the mutagenic effect of EMS. In a simgaudy by Moutschen-Dahmen and
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Moutschen-Dahmen (1963), 101 copper and zinc were added to increasing
concentrations of EMS (from 0 to 0.16 mM solution$he results of this experiment
proved similar to Bhatia and Narayanan (1965). péreentage of chromosome
breakages of EMS treated seedlings was increasedl®6 to 20% when zinc and
copper ions were added. The concentrations of BEMS in this study were far lower

than that used in Bhatia and Narayanan.

Mutants

Ethyl methanesulfonate had significantly differ@€0.05) effects on the three cultivars
of treatedOenotheraseeds, because the mutant seedlings se@npallidaoccurred at a
higher rate than the other two species when cordgarthe surviving germinated
seedlings (Table 1.2). The germination rat®ehothera speciosaas affected the least,
only resulting in a 30% mortality rate compareddontrol. Oenothera missouriensisad

a mortality rate of 91.7% among EMS treated se@dpawed to control. These variations
in EMS affecting differenOenotheragenotypes is consistent with previous findings
(Kressel & Arnold, 1967). Most seedlings showeel ¢ffect of the treatment as soon as
cotyledons opened. Leaves, including cotyledoad,distorted shape and often showed
regions of chlorophyll deficiency. (Figures 1.1dah?2) The shape distortions were often
caused by a shortened leaf midrib or veins. Thasg&@tion effects were often expressed

as periclinal chimeras.

18



Conclusions

The treatment oDenotheraseeds in a 0.6% solution of EMS for 24 hours miisno
results in an increase in seed and seedling miyrtdliifferences in the seed coat

morphology of some species may alter the absorpétof the mutagen.

Ethyl methanesulfonate treatments and treatmeaksdimg both EMS and metal ions of
Oenothera missouriensygelded an average mutation rate of 1.6%. Phgnotyutants

of O. missouriensigid not survive to produce offspring. Treatment®ehothera

pallida which included EMS resulted in an average mutatie of 2.82%. The majority
of theseO. pallidamutations were chlorophyll-related and desirable Mery few

survived to sexual maturity and no viable seed praducedOenothera speciosseed
treatments which included EMS resulted in a mutataie of 0.484%. Phenotypic
mutations primarily resulted in slightly distortehves. These mutations were not stable,

undetectable at flowering stage. Both hypothess® wroved invalid by these results.
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Table 1.1 Effect of ethyl methanesulfonate and fhagal ions on the germination rate of
threeOenotheraspecies 30 days following initial germination (1380).

Treatment? Ger mination

O. missouriensis O. pallida O. speciosa

Control 60.0 & 46.3 a 52.3 ab
EMS 58x16uM 5.0 cd 11.7 b 36.7 abcd

Zn 1QuM 61.3 a 47.7 a 50.3 ab
Zn 2QuM 62.0 a 52.0 a 46.7 abcd
Zn 1uM + EMS 58x16uM 5.7 bcd 49.3 a 44.3 abcd
Zn 2QuM + EMS 58x16uM 5.3 bcd 64.7 a 40.3 abcd
Cu 1QuM 57.7 a 41.7 a 43.7 abcd
Cu 2QuM 60.3 a 62.7 a 38.7 abcd
Cu 1QuM + EMS 58x16uM 10.3 b 38.7 a 43.7 abcd
Cu 2Qu:M + EMS 58x16uM 6.0 bcd 300 b 31.0 abcd
Al 10uM 57.3 a 54.0 a 39.0 abcd
Al 20uM 54.3 a 60.3 a 31.3 abcd
Al 10uM + EMS 58x16uM 40 d 54.3 a 16.7 e

Al 20uM + EMS 58x16uM 8.3 bcd 51.7 a 26.3 de
Mn 10uM 62.3 a 413 a 34.3 abcd
Mn 20uM 55.7 a 38.3 a 47.3 abcd

Mn 10uM + EMS 58x16uM 7.3 bed 56.7 a 21.3 cde
Mn 20uM + EMS 58x16uM 4.0 d 51.3 a 41.3 abcd

Cr1QuM 50.3 a 50.0 a 56.3 a
Cr 2QuM 54.7 a 45.3 a 44.7 abcd

Cr 1uM + EMS 58x16uM 9.0 bc 49.3 a 54.0 ab
Cr 2QuM + EMS 58x16uM 5.0 cd 49.3 a 47.0 abc

*Metal ion treatments: Zinc = ZnSO4, Copper S04, Aluminum = AIKSO4,
Manganese = MnSO4, Chromium = CrO3. Solutions0ofidid 20 millimolar metal ions
were diluted in deionized water.

YTreatments in the same letter group within coluamasnot significantly different at a
confidence level of alpha = 0.05.
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Table 1.2 The effect of metal ions and ethyl meéisaffonate on seedling morphology of

Oenotheraspecies.

Treatment’ Average of Observed Phenotypic Mutants (%)’
O. missouriensis O. pallida O. speciosa
Control 0 ¢ 0d 0 b
EMS 58x10uM 1.33 ab 1.67 bc 1.00 a
Zn 1uM 0 ¢ 0 d 0 b
Zn 2QuM 0 c 0 d 0 b
Zn 1uM + EMS 58x16uM 1.00 ab 3.00 ab 0.33 ab
Zn 2QuM + EMS 58x16uM 2.00 ab 3.00 ab 0.33 ab
Cu 1QuM 0 ¢ 0 d 0 b
Cu 2QuM 0 c 0 d 0 b
Cu 1QuM + EMS 58x16uM 2.67 a 3.00 ab 0.33 ab
Cu 2QuM + EMS 58x16uM 1.00 bc 1.67 ab 0.00 b
Al 10uM 0 ¢ 0 d 0 b
Al 20uM 0 c 0 d 0 b
Al 10uM + EMS 58x16uM 0.67 bc 3.33 ab 0.67 ab
Al 20uM + EMS 58x16uM 1.67 ab 2.00 bc 0.67 ab
Mn 10uM 0 ¢ 0 d 0 b
Mn 20uM 0 c 0 d 0 b
Mn 10uM + EMS 58x16uM 2.00 ab 3.67 ab 0.67 ab
Mn 20uM + EMS 58x16uM 1.33 ab 3.00 ab 1.00 a
Cr 1QuM 0 c 0 d 0 b
Cr 2QuM 0 c 0 d 0 b
Cr 1uM + EMS 58x16uM 2.67 a 2.33 ab 0.00 b
Cr 2QuM + EMS 58x16uM 1.33 ab 433 a 0.33 ab

*Metal ion treatments: Zinc = ZnS0O4, Copper S04, Aluminum = AIKSO4,
Manganese = MnSO4, Chromium = CrO3. SolutionsOodidd 20 millimolar metal ions

were diluted in deionized water.

YPhenotypic Mutants: Seedlings showing any leabdisin, chlorophyll inconsistency

or variegation.

*Treatments in the same letter group within coluamasnot significantly different at a
confidence level of alpha = 0.05.
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Figure 1.1 Phenotypic EMS mutants@é&nothera missouriensshiowing chlorophyll

deficiency and leaf distortion at five weeks afiermination.

,_-IF-'
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Figure 1.2 Phenotypic EMS mutants@é&nothera pallideshowing chlorophyll

deficiency and leaf distortion at two weeks afterngination
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Figure 1.3 Mature EMS mutant 6fenothera pallidavith distorted leaf structure and

shortened stem internodes
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Figure 1.4 Mature EMS treated chlorophyll mutan©einothera pallida
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CHAPTER Il

ASEXUAL PROPAGATION OF TWO OENOTHERA SPECIES

A rooting protocol was developed for two specie®efothera.The goal of this study
was to determine the ability of two specieO&notherastem cuttings to produce
adventitious roots under intermittent mist irrigattifor varying conditions. The
experiment tested two variables: media type antdrmgtormone application. Perlite
and vermiculite rooting media were tested to deireernwhich better facilitated root
growth in these tw@®enothera speciesThree commercially available rooting hormones
were also tested versus a control of untreated stetimgs to determine if one hormone
was more effective at producing adventitious raotsallus material. Effects tested for
were: ability of stem cuttings to produce rootrage number of roots per cutting, and

average length of the longest root produced.

Hypothesis 1: The rooting media will have signifitg different results in the effects

tested.

Hypothesis 2: The application of rooting hormoretheOenotheracuttings will result

in more rooted cuttings, higher number and longets than the control.

Hypothesis 3: The effect of the three rooting hame®will not be significantly different.
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I ntroduction

Oenothera sppalso known as evening primrogan be propagated both sexually and
asexually using several different propagation magh(@leland, 1924). Tissue culture
has been a successful means of vegetative reprodwsiOenothergMehra-Palta,

1998), but the rapid rate of adventitious root fation enables most species to be rooted
from stem cuttings. Supplementation of rooting raedth indole-butyric acid (IBA)
produced a higher percentage of rooted in vitrdaexp than control in commercial
cultivars ofOenotheraDe Gyves et al., 2001). Incorporation of Im&Alinto a tissue
culture substrate has proven to produce 100% mgaficallus material for in vitro

culture of five species ddenotheraThiem et al., 1999).

While the in vitro cultures employ a much lower centration throughout the agar to
induce root initiation, production of large softwbouttings ofGaura lindheimeri
Engelm. & Gray required use of a much higher cotration of IBA. The dipping of
Gauracuttings in a 1000 ppm powder before being stuckéemmended (Anderson &
Peters, 2002). Indolebutyric acid is a synthetiximwhich has been used commercially
and in research as a plant growth regulator andradwus root stimulator. Natural and
synthetic auxins have been used extensively int gkah tissue, and organ cultures to
elicit specific morphogenetic responses (NissenSuiter, 1990). An experiment on
Pennisetum setaceurorsk. tested the rooting of herbaceous perenwigttsor without
IBA, and the use of differing media types includpeylite and vermiculite (Cunliffe et
al., 2001). The researchers found that peat ardepproduced a significantly higher

percentage of rooted cuttings than sand, vermealiid a mixture of peat and perlite.
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Little information is available concerning an etige protocol for vegetative
reproduction of stem cuttings Gfenotheraspecies. In one study @fenothera
micropropagation, IBA was applied as part of thetirg substrate mixture at low rates
(0.2 to 1.0 mg/L) (De Gyves et al., 2001). Thipexment also only tested the
treatments on three commercial varietie®©obiennis.. The rooting experiment utilized
other rooting hormones, such as NaphthaleneaagtdMAA), within the substrate at
varying concentrations. De Gyves et al. also oislyd one standard IBA treatment and

the same rooting media within the experiment.

Materials and M ethods

On 9 June 2011, cuttings Ofkenothera specioddutt. andO. drummondiHooker were
taken from existing plant material growing in thkl@&oma State University horticulture
research greenhouses in Stillwater, Oklahoma. O.hepeciosauttings were taken from
6 month old plants grown from seed purchased fresmiilde Farms (Bloomer, WI) in
spring of 2010. Th®. drummondicuttings were taken from 2 ¥z year old plants grown
from seed from ARS-GRINOenothera specioseuttings were taken from the tip of
each stem, while cuttings &f. drummondiwere taken from both tip and midsection of
the stem. All cuttings were 14 cm long. The o were grouped in bundles of 25 and
placed in individual four gallon plastic bucketiéefdl with clear tap water. The buckets
were then placed in a walk-in cooler (Internatio@ald Storage Inc., Wichita, KS) for 15

hours at 4°C.

For each media type, the cuttings were divided fiotw rooting hormone treatments plus

a control with no hormone treatment. The thredingdhormones tested were: Dip’N
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Grow Liquid Rooting Concentrate (Dip’N Grow Inc.laCkamas, OR), Hormex Rooting
Powder (Brooker Corporation, Hollywood, CA) and HerIBA Water Soluble Salts
(Hortus USA Corp., New York, NY). In total, eiglieatments were tested for each

species. Each treatment consisted of three rep®titf 20 cuttings each.

The 1000 ppm IBA Hormex Rooting Powder concentrati@s used in this experiment.
The other two rooting hormones were mixed in solutf 1000 ppm concentration.
Leaves were removed from the bottom 2 cm of eattingu Any flower buds or open
flowers were also removed from the tips of cutting®ie bottom 2 cm of each cutting
was then dipped into the rooting hormone solutiopawder for a period of 5 seconds
before being stuck into the plug tray. The cusimgere stuck into 98-cell hex plug trays
(McConkey Co., Sumner, WA) that had been filledwmagbarse vermiculite (Sun Gro
Horticultural, Vancouver, BC, Canada ) or perl@&i( Gro Horticultural, Vancouver,
BC, Canada). The cuttings were then placed undertarmittent mist set to water for 8

seconds every 2 minutes.

On 17 June 2011, all rooted cuttings were meadaretlimber of roots present, as well
as the length in centimeters of the longest r&@ch cutting was removed from the plug
tray and the rooting media was washed away ungewnger for 10 to 15 seconds. Data
for theO. speciosauttings was recorded after eight days under tiseéimigation, while
O. drummondicuttings were recorded after 14 days. The exparial design of the
experiment completely randomized by treatment dadkled by species. Type lll test of
fixed effects was used to determine significanaeguSAS 9.3. Three levels of

significance were tested for (p<0.05, p<0.01 and.p&l).
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Results and Discussion

The number of cuttings rooted was significanthyéo in perlite forO. drummondii
(P<0.01), but not significantly different f@. speciosgTable 2.1). Perlite rooting media
also proved to be the significantly less effecfimethese two species Qfenotherawith
regard to number of roots produced and length@tdhgest root@. speciosd&<0.001,
O. drummondiP<0.05) (Table 2.2, 2.3). In a similar experimeeteral rooting
substrates were tested on five varietieBuwdhsia hybridahort. ex Siebold and Voss
(Onagraceag The number of roots produced was found to Heaen higher in a
mixture of peat and perlite compared to perlitenalas well as a mixture of perlite and
sand (Erzsebet et al., 2012). That study’s reslilyse with the results of th®enothera
study. A substrate medium of only perlite is likéb drain quicker than a media with
more porous space for water to absorb. Compartidtins experiment, the more slowly
draining rooting media, vermiculite, produced aheigaverage number of significantly

longer roots.

After eight days, 91.67% of tlepeciosacuttings had rooted (Table 2.1). These results
are comparable to those of previous IBA supplententedia in the propagation of
Oenothera sppDe Gyves, 2001). Supplementation of rooting medth IBA was
proven to produce 100% rooted plant material fretated specieBpilobium
angustifoliumL. (Onagraceagversus a control which produced no roots (Tuskal.,
2008). Adventitious root initiation had been obveel four days after cuttings were
placed under the mist. Rooting percentag®.ofpeciosavas not significantly higher in
either media type. There was no significant défexe in rooting percentage ©f
speciosdetween IBA treatments compared to control. Naigant media x hormone
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interaction was observed compared with the roqtexgentage of the control. After 14
days, 43.1% of all treatments of tieimmondiicuttings had rooted. Adventitious root
initiation had been observed 12 days after cuttimgie placed under the mist. Rooting
percentage oD. drummondiwas significantly higher (P<0.01) in vermiculiteathin
perlite. There was no significant difference ioting percentage @&. drummondii
between IBA treatments compared to control. Naifigant media x hormone

interaction was observed compared with the roqgtexgentage of the control.

The average length of the long€stspeciosaoot was longer in vermiculite than in
perlite with a high level of significance P<0.00dable 2.2). No rooting hormone
treatment produced any significantly longer robentthat of the control group. No
significant media x hormone interaction was obsgix@mpared with the average longest
root of the control group. The average lengthheflbngesO. drummondiroot was
significantly longer in vermiculite than in perliR<0.05 (Table 2.2). No rooting
hormone treatment produced any significantly lomgets than that of the control group.
The Dip’N Grow treatment produced longer roots @énmwiculite than the control group

with a low level of significance.

The average number @f. speciosaoots was higher in vermiculite than in perlite
P<0.001 (Table 2.3). No rooting hormone treatnpeatiuced significantly more roots
than that of the control group. No significant naed hormone interaction was observed
compared with the average number of roots of tierob The average number Of
drummondiiroots was higher in vermiculite than in perliteOF35 (Table 2.3). No

rooting hormone treatment produced significantlyenmots than that of the control
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group. The Hortus treatment produced a higher murabroots in vermiculite than the

control group P<0.05 (Table 2.3).

Conclusions

From these results it can be concluded that veliteds a better rooting media for both
O. speciosandO. drummondiiproducing significantly more and longer rootscdn

also be concluded that IBA rooting hormone treatisienthis concentration do not
produce significantly more or longer roots for thésoOenotheraspecies. Hypotheses 1

and 3 were proved to be valid. Hypothesis 2 wasgatonvalid.
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Table 2.1 Effect of media and hormone treatmemiencentage oDenotheracuttings
rooted after being under mist for 8 and 14 day$Q()=

Species’ Treatment Rooted (%) Probability”
O. speciosa Media
Perlite 91.25 NS
Vermiculite 92.10
Hormone
Control 91.66 NS
Dip’N Grow 93.33
Hormex 85.00
Hortus 96.65
Media x Hormone NS
O. drummondii Media
Perlite 27.10 *k
Vermiculite 59.15
Hormone
Control 44.16 NS
Dip’N Grow 40.00
Hormex 45.83
Hortus 42.50
Media x Hormone NS

“Oenothera speciosaoted quickly and was removed from mist six degdier tharO.
drummondij which was removed after 14 days.

YNS = not significant, *, **, and *** for P<0.05, Rx01, and P<0.001, respectively.
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Table 2.2 Effect of media and hormone treatmerength of twoOenotheraspecies’
roots.

Species Treatment Root lenght (cm) Probability”
O. speciosa Media
Perlite 1.82 e
Vermiculite 3.57
Hormone
Control 2.75 NS
Dip’N Grow 3.26
Hormex 2.28
Hortus 2.49
Media x Hormone NS
O. drummondii Media
Perlite 2.29 *
Vermiculite 5.39
Hormone
Control 4.05 NS
Dip’N Grow 4.26
Hormex 3.45
Hortus 3.59
Media x Hormone *

Dip’N Grow x Vermiculite

’NS = not significant, *, **, and *** for P<0.05, F&01, and P<0.001, respectively.

36



Table 2.3 Effect of media and hormone treatmentunber ofOenotheraoots (n=60)

Treatment # of roots Probability”
O. speciosa Media
Perlite 12.82 Tk
Vermiculite 23.19
Hormone
Control 16.88 NS
Dip’N Grow 22.66
Hormex 13.47
Hortus 19.00
Media x Hormone NS
O. drummondii Media
Perlite 8.88 *
Vermiculite 14.99
Hormone
Control 10.49 NS
Dip’N Grow 11.75
Hormex 11.34
Hortus 14.15

Media x Hormone

Hortus x Vermiculite

NS = not significant, *, **, and *** for P<0.05, F01, and P<0.001, respectively.
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CHAPTER IlI

INTERGENERIC HYBRIDIZATION OF OENOTHERA SPECIES

Twelve species dDenotherd.. were reciprocally crossed with eight speciestfalied
genera within familyOnagraceaeluss The goal of this program was to breed an
intergeneric hybrid which would display traits frahe non©enotheraspecies which
would be desirable for th@enotheragenus. The creation of interspecific hybrids of

Oenotheraspp. was also a goal of this research.

Hypothesis 1: Intergeneric hybrids©hagraceaean be created through crossing of
Oenotherawith species from th€larkia Pursh Camissonid.ink, andCalylophusSpach

genera.

Hypothesis 2: Interspecific hybrids Genotheracan be created througie crossing of

twelve distinctOenotheraspecies.

Introduction

OenotherdFransiscana Sulfurea’ was created by crossingesfothera biennik. and
Oenothera fransiscanBartlett (Davis, 1916). This hybrid was the bdsissignificant
cytological discoveries in th@enotheragenus (Cleland, 1924). Cleland noted the

distinct chromosome configurations of the hybrid &s backcrossed progeny. Cleland
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found that a negative correlation was illustratetii@en inherited red pigments of
Oenothera rubricalyxGates hybrids witlDenothera lamarckianauct. andOenothera
rubrinervis de Vriesalamarckianamutant. In a later study, Cleland examined the
unique chromosome configurations of 11 F1 hybridée following species and
varieties:O. biennis L., O. hookefiorr. & A. Gray, O. lamarckiana, O. suaveolens
Desf, O. muricatalL., O. grandifloraRuiz. & Pav, O. fransiscand®artlett O.
fransiscana ‘sulfureaGates O. latifronsCleland O. aurataCleland and a mutant oD.
fransiscana ‘Sulfurea’jCleland, 1927). The catenation of chromosome® 8@
hybrids of R.R. Gates (King’s College, London, Wi)lection were outlined by D.G.

Catcheside (1933).

The chromosomes @enotheraare catenated, forming linked rings end to endhdur
prophase of meiosis (Jacob, 1940) which often predibstacles to breeding between
related species (Gates, 1933). The base numlreranosomes faDenotheras 2n=14.
The majority of the species are diploid, but there a few exceptions. Hugo DeVries’
historic discovery of the first spontaneous tewapkpecies in nature is one example,
finding thatOenothera lamarckianAuct. had mutated to becor@enothera gigas
(Harshberger, 1905). Other species, sudbesothera specioddutt. can be found as
haploid, diploid, or triploid. Many species and shbybrids ofOenotherahave
chromosome number notations which are uniquelyctdteby catenation. Catenated
circles of chromosomes can be as small as 4 oaroali 14 chromosomes in one ring.
For each species, the number and ring configuragioconstant (Cleland 1929). A
diploid Oenotherawhich possessed five pairs of chromosomes andadl sircle of four

chromosomes would carry the notation 4 + 5ii (Casothe, 1933). It was theorized that
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these chromosome circles are the result of segmatgechange. The evolution Gf.

lamarckianaincluded the combination of two complex¥glansandGaudens.

Velanscomplex =1-2, 3-4, 5-8, 7-6, 9-10, 11-12, 13-14

Gaudengsomplex = 1-2, 3-14, 5-6, 7-4, 12-10, 11-8, 13-9

If the 14 chromosomes of each complex are numheredrdingly, the matching end
arrangements combine to form the one pair and wale of 12 chromosomes @.
lamarckiana Each chromosome represents a pair from the peoemplex “...with the
velanschromosomes in bold type-face” (Cleland and Bleess1930). In this catenated
form, the lethal genes become balanced resultisglinincompatibility or

incompatibility with closely related species.

1-2 34 - 4-7 -7-6 — 6-5 -58 — 8-11

1-2 3-14 14-13 - 13-9 9-10-10-12 12-11

Cleland later found (1951) that aside from the pladidy of the constituents of
subsectionslartmanniaandKneifa, naturally occurring aneuploidy and polyploidy are
rare inOenothera.Cleland described two true-breeding lines of m@ahOenothera
hookeriTorr. & A. Gray which carried a pair of extra agichinutive chromosomes,

sometimes finding one or three in each plant. fWeemutants had the notation 4 + 5ii +
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2. Significant work has been done more recentlyré@dOenotheraoil seed crops with
higher gamma linolenic acid (GLA) content. Eatlywering cultivars were developed
so that hotter temperatures would increase theugtah of GLA (Levy et al., 1992). Of
these ornamental and oil-crop cultivars, crosses baly been made intraspecifically.
The day-blooming ‘Gold Evening Primrose’ was proetithrough the hybridization of
Oenothera lamarckianand the island evening primrog@dgnothera sp.{jKim, 2009).
Self-incompatability and pollination requiremenfdd speciosare described by CL
Wolin (1984). This research describes the negeskD. speciosgollinators to

facilitate outcrossing. Plants were subjecteceieen pollination treatments. Control
flowers which were left untouched and open to paliors had a >450% increase in seed
set than those which were selfed by hand. LK Cr(#&5) studied the self-sterility and
self-fertility of 10 species dDenotheraO. acaulisCav, O. speciosa, O. organensis
Munz, O. missouriensiSims O. rhombipetaldNutt. ex Torr. & A. GrayO. trichocalyx
Nutt., O. pallidaDouglas ex Lindl.O. latifolia[Rydb.] Munz O. deltoidesTorr. &

Frém, and O. runcinatdEngelm.] Munz), the latter five being of the sasub-genus
Anogra In a polycross of the ten species he provedthiteste species belonging to
Anograwere compatible with each other, yet self-inconipat(with the exception aD.
trichocaly®. All non-Anograspecies were both self-incompatible and incompatioth
each other or produced inviable seed (with the gtikme of O. acauliswhich was self-

fertile but incompatible with all other species).

Despite the difficulties posed to interspecificdnting, somé&enotheracultivars have
been produced commercially. Several intraspe€#aothergorogeny have been

patented in the last decade. In addition to thieegated ‘LISHAL’ cultivar, a branch
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offshoot ofOenothera speciosaas selected for patent nam@dnotherd TURNERO1'.
The leaves of TURNEROL1’ were more variegated asdjiowth habit was lower than
the parent plant (Morum, 2006). A cross made af tnwpatented cultivars @enothera
hybridaMichx. resulted in a German cultivar named ‘INNOENS2’ (Hofmann, 2006).
An open pollination oDenothera fremontiiesulted in the cultivar ‘Shimmer’, which has
narrower ribbon-like foliage which differentiatefibm the parent material (Ogden and

Ogden, 2009).

The genes for purple flower color are carried by glenuClarkia Pursh. which also
belongs to the familPnagraceae.Other desirable characteristics exist in closeikeda
of Oenotherasuch as the flower shape of ge@aylophusSpach and the flower
clustering of genu€amissonia.ink. The phylogenetic tree in Figure 1 showsdkeera
comprisingOnagraceaeand the relationship betwe&@enothera, Clarkiaand

Camissonia.The genugalylophuss incorporated int@enothera.

In order to increase the appeal@#nothera sppas an ornamental crpne introduction
of new flower morphology into the genus was tesltedugh interspecific and

intergeneric hybridization within the famiynagraceae.

Materials and M ethods

Populations of several species@é¢nothergplants Qenothera drummondiiooker,
Oenothera pallidaLindl., Oenothera specioddutt. (Everwilde Farms, Bloomer, WI)
Oenothera missouriensiutt., Oenothera hookefTorr. & A. Gray,Oenothera
coronopifoliaTorr. & A. Gray (Plants of the Southwest, Santa¥fgl), Oenothera rosea
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L’'Hér. ex Aiton,Oenothera biennik., Oenothera flavdA. Nelson] Garrett (USDA —
GRIN), Oenothera caespitoddutt. ssp. marginat@Nutt. ex Hook. & Arn.] Munz
(Alplains, Kiowa, CO) Oenothera elat&unth ssp. hirsutissimfA. Gray ex S. Watson]
W. Dietr.(The Theodore Payne Foundation, Sun Vall&y), Oenothera longifolia cv.
Lemon SunsefDiane’s Flower Seeds, Ogden, UWere grown from seed in six inch
azalea pots (ITML Elite, Myers Industries Inc., Aky OH) using a soilless growing
media Metro-mix 902 (Sun Gro Horticulture, VancoyugC, Canada). Seeds©farkia
amoena_.ehm.,Clarkia pulchellaPursh. Clarkia unguiculatalLindl., Clarkia purpurea
W. Curtis,Calylophus hartwegiBenth.,Camissonia ignotdeps.Camissonia boothii
Douglas ex Lehm. an@amissonia cheiranthifoliddlornem. ex Spreng from three other
genera were purchased from JL Hudson Seedsmandhda;1CA) for the hybridization

program.

Flowers were emasculated one or two days priordssing. Sepals were carefully cut
open with forceps and premature anthers were rethioverder to prevent self-
fertilization. Fertilization was performed usingyéeps one day after emasculation. If
the stigma of the female plant remained turgidaf@econd day, pollination was
performed again in the same manner. Eight disipeties oDenotherawvere employed
as female parents in cross@s:drummondii, O. pallida, O. specigga. missouriensis,
O. rosea, O. caespitossp.marginata, O. elata ssp. hirsutissima, and O. hook@! of
the Oenotheraspecies listed were also used as male parent phaatklition to four
others:O. biennis, O. flava, O. longifolia ckemon Sunse&andO. coronopifolig.
TheseOenothergplants had flowers which bloomed sparser or withmuch shorter

time frame. In order to be utilized as female para plant needed at least five blooms in
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order to complete a reciprocal cross. Those wei$is than five blooms in a given time
period were only able to be pollen donors. Whensied capsules matured, the seed was
placed into a coin envelope to be sown later. €otd#id seed was sown into seedling trays
with 18-cell plastic inserts filled with metro-mB02 on 14 March and 26 September,
2011 and moved to the Oklahoma State Universityieldture Research Greenhouses
(Stillwater, OK), which were set to a day temperatof 24°C and 18°C night

temperature.

Results and Discussion

During the spring and summer of 2010 and 2011,cr@dses were made among the
Oenotheraspecies and with the alligdnagraceaegenera. The majority of seed capsules
of the parent plant immediately began to withersdafyer pollination and most fell off
before any seed could develop. All capsules, hewskliat were recovered were opened

and the undeveloped seeds were sown.

From the 86 crosses usifig drummondias the female parent, ten of the crosses
produced seed. The majority of seed was sown ddepéember, 2011. One cross with
O. caespitosa ssp. margingteoduced seed earlier and was sown on 2 June, ZDf.1.
the seed collected, 64% germinated. After gernonahe seed was evaluated until
maturity. All seedlings looked identical @ drummondiiand bore no similarities to

male parents. All plants had the distinctive ywlitowers of the female parent.

From the 110 crosses usif@g pallidaas the female paremnly one cross produced
seed. The seed was produced by the cdogmllida x Clarkia purpurea The seed was

planted and the resulting seedling was evaluatstida no resemblance @ purpurea
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The suspected selfed seed was produced for a colifely reasons. Western flower
thrips Erankliniella occidentalisPergandejvere a common pest problem in the
greenhouse populations Oenothera These thrips likely caused some unintended
pollination of previously emasculated flowers. Wé&s being pollinated by thrips is a
common occurrence in nature (Kevan, 1972). Add#ilty, many of the individuals of
each species were grouped close together and hateded. Accidental selfing was

likely due to the movement resulting from theseuwal practices.

From the 162 crosses usi@gnothera speciosas the female parergero viable seed
was produced. Immature seeds recovered from cagpelithree crosses wid.
longifolia ‘Lemon Sunset’ an@. caespitosa marginataere sown resulting in no
germination. The crosses usi@gmissouriensis). caespitosa ssp. marginata. elata

ssp. hirsutissima an@®. hookerias the female parent produced no viable seed.

Of the 44 crosses @alylophus hartwegiino seed was produced. The crosses of the
three species @amissonigroduced seed which was aborted or underdevelofkdf
it failed to germinate. Similarly, the crosse<bérkia pulchellg Clarkia unguiculata
andClarkia purpureaproduced no viable seed. Of the 12 cross€darkia amoena

one produced a total of 70 seeds, all of whiclethib germinate.

There were 43 crosses usi@gnothera roseéFigure 3.2) as female parent with seven
distinct male parents. Only the cr@3srosea x O. speciogaoduced viable seed. Of
the 24 seeds only 12 germinated. Eleven of thelisgs resemble®. roseaand one
seedling resemble@. speciosa The flowers ofOenothera roseare rose-colored and

have an average diameter of 1.6 cm. Its leavesigeed cm long and 2 cm wide and are
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narrowly ovate. The pink or white flowers ©f speciosgFigure 3.3) can range from 5
to 8 cm in diameter. Fully expanded adult leaveegehan average length of 5 cm and a
width of 2 cm. The leaves vary in shape from |ahate and lobed to ovate (Richardson,
1995). The suspected hybrid (Figure 3.4) has ftewath the rose-coloration @.
roseaand the flower size (5.5 cm diameterX@fspeciosa. Oenothera specidgaically
has blooms which are cupped when fully open. Trbggny has blooms resembling that
of Oenothera roseayhich open completely to form a flat surface perpendictdahe
capsule. The leaves of the progeny have an avevrigge of 2 cm, common to both
species. The average length of mature leave$ isd.which are ovate and slightly
lobed toward the petiole. This is a shorter laahtthat ofO. roseafrom which the seed

was taken.

Conclusions

The resulting lack of success in crosses resultomg an interspecifi©enotheracross
could be due to the differences in sections otweplants. Consistent with the work of
LK Crowe (1955), none of the plants from differi@gnotherasections were capable of
producing any viable seed. The differences inglmsome arrangement between the
various sections are likely the cause. The only phants which showed potential for
compatibility wereO. roseaandO. speciosahoth of which were members of section
Hartmannia. Other species which may have been compatdlelrummondiandO.
hookeri(Raimannia or O. elatg O. biennisandO. longifolia (Oenothera) Crosses
were not made among these plants due to the spassehflowers or incompatible
flowering periods. Hypothesis 1 was proved torbalid. Hypothesis 2 was proved

valid, but only in one case.
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Figure 3.1. The phylogenetic tree of fanfdpagraceae

Levin et al. 2003.
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Figure 3.2. Photograph @fenothera speciosa.

© Plantbixen.dk 2013
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Figure 3.3. Photograph Qfenothera rosea

© Plants Database of Greece, 2011-2012.
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Figure 3.4. Photograph of suspected cf@ssothera rosea speciosa
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Table 3.1 The sections Gfentotheraspecies used in this breeding study.

Species Section

O. drummondii Raimann{Rose ex Britton & A. Br.) Munz
O. hookeri Raimanni@ose ex Britton & A. Br.) Munz
O. pallida AnograSpach) Jeps.

O. speciosa Hartmannigspach) Munz

O. rosea Hartmanni&Spach) Munz

O. missouriensis MegapteriugBpach) Munz

O. caespitosa marginata  Pachyloph{&pach) Jeps.

O. elata hirsutissima Euoenothefarr. & A. Gray

O. biennis Euoenothergorr. & A. Gray

O. longifolia Euoenotherdorr. & A. Gray

O. flava Lavauxia(Spach) Jeps.

O. coronopifolia Chylismia(Torr. & A. Gray) Jeps.
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Table 3.2 The interspecific and intergeneric aeesH twelve species @enothera

# of
Crosses # of

Female parent Male parent made Date of cross Date sown seeds Germ

O. drummondii Camissonia cheiranthifolia 1 4/8/2010 - - -
O. rosea 2 4/9/2010 - - -
Clarkia unguiculata 2 10/7/2010 - - -
Clarkia unguiculata 6 10/8/2010 - - -
O. speciosa 2 2/21/2011 - - -
Clarkia purpurea 3 2/24/2011 - - -
Clarkia purpurea 4 3/4/2011 - - -
Camissonia cheiranthifolia 5 3/7/2011 - - -
O. speciosa 2 3/7/2011 - - -
O. caespitosa marginata 5 3/8/2011 6/2/2011 50 22
O. speciosa 4 3/8/2011 - - -
Camissonia cheiranthifolia 5 3/14/2011 - - -
O. caespitosa marginata 6 3/14/2011 - - -
Clarkia purpurea 5 5/26/2011 9/26/2011 37 34
Clarkia unguiculata 5 5/26/2011 9/26/2011 12 7
O. rosea 4 6/6/2011 9/26/2011 61 56
Clarkia pulchella 4 6/6/2011 9/26/2011 34 22
Clarkia amoena 5 6/16/2011 9/26/2011 51 32
Calylophus Hartwegii 5 7/27/2011 9/26/2011 39 30
O. biennis 5 7/27/2011 9/26/2011 33 0
Clarkia purpurea 1 8/3/2011 - - -
O. speciosa 5 8/4/2011 9/26/2011 15 9

O. pallida O. speciosa (wh) 5 4/8/2010 - - -
Camissonia cheiranthifolia 1 4/9/2010 - - -
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# of

Crosses # of

Female parent Male parent made Date of cross Date sown seeds Germ.

O. pallida Clarkia amoena 5 5/13/2010 - - -
Camissonia cheiranthifolia 2 5/17/2010 - - -
Camissonia cheiranthifolia 5 5/18/2010 - - -
Clarkia pulchella 5 5/19/2010 - - -
Clarkia amoena 5 5/19/2010 - - -
Clarkia unguiculata 6 5/21/2010 - - -
Clarkia purpurea 1 5/21/2010 3/14/2011 1 1
Clarka amoena 3 6/2/2010 - - -
Camissonia ignota 6 6/4/2010 - - -
Clarkia purpurea 7 6/7/2010 - - -
Camissonia ignota 4 6/10/2010 3/14/2011 0 -
O. speciosa 3 6/10/2010 3/14/2011 0 -
O.sp 2 6/10/2010 - - -
O speciosa 1 9/17/2010 - - -
Clarkia unguiculata 1 11/22/2010 3/14/2011 0 -

O. speciosa Camissonia cheiranthifolia 1 11/22/2010 - - -
Camissonia cheiranthifolia 1 2/21/2011 - - -
Camissonia cheiranthifolia 2 2/23/2011 - - -
Clarkia unguiculata 6 5/25/2011 9/26/2011 0 -
Clarkia pulchella 5 6/16/2011 9/26/2011 0 -
Calylophus hartwegii 5 7/27/2011 9/26/2011 0 -
O. biennis 5 7/28/2011 9/26/2011 0 -
Camissonia cheiranthifolia 5 8/1/2011 9/26/2011 0 -
O. flava 5 8/4/2011 9/26/2011 0 -
O. caespitosa marginata 8 8/5/2011 9/26/2011 0 -

54



# of

Crosses # of

Female parent Male parent made Date of cross Date sown seeds Germ.

O. speciosa O. caespitosa marginata 3 4/9/2010 - - -
Camissonia boothii 3 4/19/2010 - - -
Clarkia pulchella 5 4/20/2010 - - -
Clarkia purpurea 5 4/30/2010 - - -
O. macrocarpa 2 4/30/2010 - - -
Clarkia pulchella 2 5/1/2010 - - -
Camissonia ignota 4 5/13/2010 - - -
Clarkia pulchella 5 5/17/2010 - - -
Clarkia purpurea 8 5/17/2010 - - -
Clarkia amoena 5 5/19/2010 - - -
Clarkia unguiculata 5 5/19/2010 - - -
Camissonia boothii 1 5/20/2010 - - -
Clarkia unguiculata 3 5/21/2010 - - -
Camissonia boothii 3 5/21/2010 - - -
Clarkia amoena 10 5/21/2010 - - -
Camissonia cheiranthifolia 7 6/7/2010 - - -
Camissonia boothii 3 6/9/2010 - - -
Calylophus hartwegii 5 6/9/2010 - - -
O. Lemon Sunset 1 6/10/2010 3/14/2011 0 -
O. missouriensis 3 8/19/2010 - - -
O. Lemon Sunset 4 8/24/2010 3/14/2011 0 -
O. rosea 4 8/25/2010 - - -
Camissonia cheiranthifolia 3 8/25/2010 - - -
O. caespitosa marginata 10 8/27/2010 3/14/2011 0 -
O. elata hirsutissima 1 8/30/2010 - - -
Camissonia cheiranthifolia 6 9/1/2010 - - -
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# of

Crosses # of

Female parent Male parent made Date of cross Date sown seeds Germ.

O. speciosa O. rosea 3 9/16/2010 - - -
O. rosea 2 9/17/2010 - - -
Calylophus hartwegii 3 9/20/2010 - - -
Clarkia unguiculata 2 9/30/2011 - - -
(X) self 3 10/7/2010 - - -
Clarkia unguiculata 1 10/8/2010 - - -
O. drummondii 2 2/21/2011 3/14/2011 0 -
Camissonia cheiranthifolia 2 2/23/2011 3/14/2011 0 -
Clarkia purpurea 2 2/24/2011 3/14/2011 0 -
Camissonia cheiranthifolia 10 3/2/2011 3/14/2011 0 -
O. caespitosa marginata 14 3/9/2011 3/14/2011 0 -
Clarkia purpurea 5 3/10/2011 3/14/2011 0 -
Clarkia purpurea 2 3/17/2011 3/14/2011 0 -

O. missouriensis Camissonia boothii 1 4/14/2010 - - -
Camissonia boothii 1 4/19/2010 - - -
Camissonia cheiranthifolia 2 5/17/2010 - - -
Calylophus hartwegii 6 7/22/2010 - - -
Camissonia ignota 5 7/29/2011 - - -
Clarkia unguiculata 3 8/4/2010 - - -
O. speciosa 1 9/30/2010 - - -
Camissonia cheiranthifolia 1 10/7/2010 - - -
Clarkia unguiculata 6 10/8/2010 3/14/2011 0 0
Clarkia unguiculata 5 5/25/2011 - - -
Clarkia pulchella 5 5/25/2011 - - -
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Crosses # of
Female parent Male parent made Date of cross Date sown seeds Germ.
Clarkia pulchella O. speciosa 2 4/20/2010 - - -
O. speciosa 3 5/1/2010 - - -
O. pallida 5 5/17/2010 - - -
O. pallida 3 6/9/2010 - - -
Clarkia purpurea x O. missouriensis 5 5/14/2010 - - -
x O. speciosa 3 5/14/2010 - - -
x O. rosea 1 5/17/2010 - - -
x Clarkia amoena 5 5/19/2010 - - -
x O. pallida 5 5/21/2010 - - -
x O. speciosa 2 6/9/2010 - - -
x O. speciosa 10 3/7/2011 9/26/2011 0 -
x O. caespitosa marginata 8 3/16/2011 - - -
x O. rosea 2 3/17/2011 - - -
Clarkia O. missouriensis 5 5/14/2010 - - -
unguiculata O. speciosa 5 5/14/2010 - - -
Camissonia ignota 5 5/14/2010 - - -
O. missouriensis 1 5/17/2010 - - -
Camissonia ignota 1 5/17/2010 - - -
O. speciosa 8 5/18/2010 - - -
0. pallida 1 5/19/2010 - - -
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Clarkia O. pallida 1 5/21/2010 - - -
unguiculata O. missouriensis 1 7/30/2010 - - -
O. missouriensis 2 8/24/2010 - - -
O. Coronopifolia 5 8/27/2010 - - -
O. missouriensis 1 8/30/2010 - - -
O. missouriensis 7 10/7/2010 - - -
O. missouriensis 2 10/13/2010 - - -
O. speciosa 2 5/26/2011 - - -
O. lemon sunset 5 6/2/2011 - - -
Clarkia amoena O. pallida 2 5/17/2010 - - -
0. pallida 1 5/20/2010 8/3/2010 70 -
O. speciosa 2 5/21/2010 - - -
O. speciosa 2 6/10/2010 - - -
0. pallida 2 6/11/2010 - - -
0. pallida 3 6/14/2010 - - -
Camissonia O. pallida 5 5/17/2010 - - -
boothii O. speciosa 5 5/17/2010 - - -
O. rosea Clarkia purpurea 1 5/17/2010 - - -
Clarkia purpurea 3 5/18/2010 - - -
Clarkia purpurea 6 6/15/2010 - - -
Clarkia unguiculata 6 6/15/2010 - - -
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Female parent Male parent made Date of cross Date sown seeds Germ.
O. rosea O. speciosa 1 6/15/2010 3/14/2011 24 12
Camissonia cheiranthifolia 3 3/7/2010 - - -
Clarkia purpurea 5 5/27/2011 - - -
Clarkia unguiculata 5 5/27/2011 - - -
O. lemon sunset 5 5/27/2011 - - -
O.sp 3 6/3/2011 - - -
Calylophus hartwegii 5 8/5/2011 - - -
O. caespitosa Clarkia purpurea 5 5/19/2010 - - -
marginata Camissonia boothii 1 5/20/2010 - - -
O. speciosa 1 6/10/2010 - - -
O. Missouriensis 3 8/24/2010 - - -
Calylophus hartwegii 1 8/27/2010 - - -
Clarkia unguiculata 2 9/16/2010 - - -
Clarkia purpurea 2 2/23/2011 - - -
Clarkia purpurea 3 3/2/2011 - - -
Camissonia cheiranthifolia 5 3/4/2011 - - -
O. speciosa 2 3/8/2011 - - -
Clarkia unguiculata 1 5/25/2011 - - -
Clarkia pulchella 1 6/3/2011 - - -
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Calylophus O. speciosa 2 6/9/2010 - - -
hartwegii O. pallida 2 6/11/2010 - - -
O. speciosa 3 6/14/2010 - - -
0. pallida 2 6/16/2010 - - -
O. caespitosa marginata 3 8/3/2010 - - -
O. missouriensis 8 8/3/2010 - - -
Camissonia cheiranthifolia 4 8/3/2010 - - -
O. elata hirsutissima 5 8/3/2010 - - -
O. speciosa 8 8/25/2010 - - -
O. caespitosa marginata 1 8/25/2010 - - -
O. speciosa 1 9/30/2010 - - -
O.sp 2 6/20/2011 - - -
0. flava 2 7/28/2011 - - -
O. biennis 1 7/29/2011 - - -
Camissonia cheiranthifolia O.speciosa 4 6/7/2010 - - -
O. pallida 2 6/9/2010 - - -
O. pallida 3 6/10/2010 - - -
O. speciosa 2 6/14/2010 - - -
O. missouriensis 8 7/28/2010 - - -
O. rosea 2 11/22/2010 - - -
O. pallida 3 11/22/2010 - - -
O. drummondii 3 2/23/2011 - - -
O. drummondii 4 2/24/2011 - - -
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Camissonia cheiranthifolia O. speciosa(white) 1 3/7/2011 - - -
O. speciosa 3 3/10/2011 - -
O .speciosa 1 3/14/2011 - - -
O. coronopifolia 5 5/25/2011 - - -
O. missouriensis 5 6/16/2011 - - -
O. pallida 5 7/127/2011 - - -
Oenothera elata Clarkia unguiculata 3 5/21/2010 - - -
hirsutissima Calylophus hartwegii 4 8/24/2010 - - -
Camissonia ignota O. pallida 5 6/3/2010 - - -
O. speciosa 7 6/7/2010 - - -
O. missou 9 7/28/2010 - - -
O. hookeri O. coronopifolia 1 8/30/2010 - - -
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