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Chapter 1: Literature Review

1.1Nature of Polyploids

Polyploid organisms contain more than two complete sets ofradsomes in
the nucleus and occur frequently in three of the four eukaryotid&mg (Storchova
and Pellman, 2004). In the five kingdom classification system, polyploale
naturally risen in three kingdoms: plantae, protista and anir{Bdiatout, 1999). In
the plant kingdom polyploids are common in angiosperms and ferns, (pefuet
al., 2008) but are rare in gymnosperms (Briggs and Walters, 1997)hefroadre,
genome duplication or polyploidy is believed to have occurred during the evolution of
30 — 70 percent of angiosperms (Masterson, 1994). Although polyploids iaccur
animals they are rare among mammals but more common in otbgeslaAlgae and
bryophytes are not clearly defined in the five kingdoms systemg of these species
are polyploids (Briggs and Walters, 1997).

Ploidy is usually represented by the notation where a nucleus with two
complete sets of chromosomes is referred to as a diplidtlPee complete sets of
chromosomes is a triploid X8 four complete sets a tetraploik)4five complete sets
a pentaploid (% and so on. The highest level of ploidy currently known in
angiosperms is an 80-ploid (§0stonecrop $edum suaveoler&mnach) (Otto and
Whitton, 2000). The wide range of chromosome number observed in plantstsugges
a role in plant evolution (Leitch and Bennett, 1997). A ploidy seaesexist within
a species (ex.Fraxinus americana Linnaeus) ploidy changes can exhibit
morphological, genetic or geographical differences but they do notrwé#are@nomic

reclassification (Wright, 1944).



Polyploids can have multiple origins that are related to the enatdr
chromosomal duplication. For example, an autopolyploid is formed through the
replication of chromosomes withinspecies (genome denoted e.g., AAAAAA).

In contrast to an autopolyploid, an allopolyploid arises from the dutiolicaof
chromosomes contributed from different species (genome denoted e.gB)AAB
Autoallopolyploids contain duplicated chromosomes from one species dadsht
one set from another species (genome denoted e.g., AAAABB) (Stebbing; 1971
(Grant, 1981).

Polyploids frequently occur within plants used in the fruit indusiglyploid
fruit crops include sour cherriesPrunus cerasusL.) (Tavaud et al.,, 2004),
strawberries Kragaria spp. L.) (Ahokas, 1999), kiwiActinidia deliciosaLiang and
Ferguson) (Udall and Wendel, 2006), blueberriéactiniumspp. L.) (Decroocq,
2004), European plumsPfunus domestical.) (Decroocq, 2004), persimmons
(Diospyros kakiThunb.) (Tao et al.,, 2009) and watermelo@trallus lanatus
Thunberg) (Love et al., 1986). Agronomic crops such as some seteofiavheat
(Triticum aestivumL.) (Udall and Wendel, 2006), potat®&dlanum tuberosum.)
(McGregor et al., 2000), cottoOssypiunspp. L.) (Udall, 2006), alfalfaMedicago
sativaL.) (Udall and Wendel, 2006) and sugar cadacCharunspp. L.) (Cordeiro et
al., 2000) may also be polyploids. Polyploids often have improvedchibutial or
agronomic traits such as larger fruit, thicker leaves and rolmmsgKehr, 1996), so
plant breeders sometimes favor polyploids in breeding prograrabpléld plants
are also found in the ornamental horticulture industry and they may thecker

flower petals that last longer than their diploid counter-partfi(KeE996). Common



polyploid bedding plants include dahliBghlia spp. Cav.), pansie¥/ipla spp. L.)
and chrysanthemunChrysanthemurspp. L.).

Naturally occurring polyploids are less common in mammalshe Ted
Viscacha ratTympanoctomys barrerdeawrence) is an aneuploid that represents the
first known naturally occurring mammal with tetraploid chromosofoesll but the
sex-chromosome (Gallardo et al., 1999). This species exhibitsgke XY sex-
chromosome system [XX{() or XY (&)] which allows diploid like behavior of the
sex chromosome while the remaining chromosomes are tetraplalthr@® et al.,
1999). Other animals such as goldfish, trout, salmon (Seddon, 1997), rdars air
insects (Suomalainen, 1962), many amphibians (Bogart and Tandy, &8d&ome
reptiles have been reported to be polyploids (Corey, 2000). Some polgplmdls
can reproduce because the species completely lack sex chromosoroedain
categories of animals have sex chromosomes that are not wiienifated

(McCarthy, 2008).

1.2 Induction of Polyploids

Polyploids can arise spontaneously within plants during somaticligedion
(mitosis) which can result in an autopolyploid shoot often noticdapiés enlarged
“gigas” condition (Stebbins, 1971). Autopolyploids can also arise duringnéhetic
process through the union of unreduced gametes. Allopolyploids are mareh m
common than autopolyploids and are the function of the hybridization ofasepa
species that contain separate sets of non homologous chromosomes (Si€Glins
Soltis and Soltis, 2000). Polyploids can also be experimentally iddincéoth

animals and plants. For example, the fish, grass camn@pharyngodon idella
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Valenciennes), naturally occurs as a diploid but the ploidy lemelbe increased to
triploid through hydrostatic pressure treatment after eggitatibn (Cassani and
Caton, 1986).0ther methods of inducing polyploids include treatments with roitoti
inhibiting chemicals such as colchicine (Derman, 1940), oryzalin (&lbet al.,
1994), trifluralin (Eeckhaut et al., 2004), amiprophos- methyl (Haesel., 2000)
andN,O (Kitamura et al., 2009).

Colchicine is an alkaloid extracted from seeds or cormsColichicum
autumnaleL. (autumn crocus or meadow saffron) and was first isolatdB29 by
the French chemists P.S. Pelletier and J. Caventon (Pe#etieCaventon, 1820).
Colchicine blocks inflammation caused by uric acid crystalsianded to treat acute
gouty arthritis in humans (Eustice and Eustice, 2007). Medicindghicole is used
as a 0.5 mg and 0.6 mg oral tablets, or as an intravenous injectidhe ltgatments
have a high risk of serious toxicity (Eustice and Eustice, 20B&)alities have been
reported after ingestion of 7 mg to 12 mg of colchicine in adult huif@apczynski
et al., 1981). The lethal dose of 50% (LD 50) for oral ingestion snwas reported
at 6 mg/kg (Extension Toxicology Network, 1993). The EnvironmentateBtion
Agency (EPA) mandates a “toxic” label on all containers comtgirgolchicine
because of this toxicity. Ploidy levels have been manipulatedimats and plants
(Derman, 1940) by submerging the specimen in a solution of colchidihe.most
effective range of treatment ranges from micro to millemotoncentration of
colchicine with the optimal concentration for a species needing tdetermined

empirically.
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Oryzalin [3,5-dinitro-N4, N4-dipropylsulfanilamide] is the actiuggredient
(a.i.) of the pre-emergence herbicide SuffigSourthern, 1998) and is also used to
induce polyploids in plants. Pre-emergent herbicides are applied sarflaee of the
soil, inhibiting the germination and growth of weed seeds. The mailedabse of
oryzalin is to control annual grasses and broadleaf weeds in aawaleof growing
situations. Oryzalin is available as a dry flow-able, an aqueaggension, or a wet-
able powder (Extension Toxicology Network, 1993). The establishéd.Dr&0 in
rats is >5000 mg/kg (Extension Toxicology Network, 1993) making rtifsigntly
less toxic than colchicine. The EPA classifies oryzalin tioxgity class 1V: slightly
to practically nontoxic, and products containing the compound must display a
“caution” label.

Oryzalin binds to plant tubulin heterodimers only during metaptimeagh a
pH-dependent interaction forming a rapid and reversible tubulin -alany¢TO)
complex (Hugdahl and Morejohn, 1993). Further research concluded #hat th
oryzalin binding site is under the N loop of tha@ubulin and consistently docks to
Arg2, Glu3, Val4, Trp2l, Phe24, His28, lle42, Asp47, Arg64, Cys65, Thr239,
Arg243 and Phe244 sites (Morrissette et al., 2004). It is suggested thatzlenary
the TO complex binds to the microtublin positive (+) end leathntpe disruption of
the polymerization of microtublin (Hugdahl and Morejohn, 1993). The spindle fibers,
which are composed of microtubules, function to pull the sister chiasnso
opposite poles of the cell and without their action the mitotic psotseslisrupted
(Alberts et al., 1994). This disruption can result in DNA rephbecatvithout cell

division when oryzalin is used at low concentrations (Bartels altdnil973). The
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cytoskeleton of plant cells is also composed of microtubules whieim weated with
oryzalin can lead to abnormalities of cytoskeleton function suahaastaining cell
shape, maintaining cell protection and cell motion. Although a LD S0ble&n
established in animals, oryzalin does not disrupt animal microtuloluesto the
absence of an oryzalin — binding site on mammalian tubulin (Hugddh\larejohn,
1993), therefore, chromosome numbers in mammals are not altereds(Barte
Hilton, 1973).

The ploidy level of several plant species have been altered asjzglin.
This includedMiscanthus sinensi&nderson (Petersen et al., 200RyrusL. (Bouvie,
2002), SolanumL. (Chauvin et al., 2003RosaL. (Kermani et al., 2003)L.ilium L.
(Van Tuyl et al., 1992) andulipa L. (Chauvin et al., 2005). Research whh
sinensisdetermined that treating shoot apices irubb oryzalin solution for a period
of 96 hours was the most effective treatment for inducing polypl&die(sen et al.,
2002). Petersen et al. (2002) also found thatuB®D oryzalin prevented callus
initiation of immature inflorescences dfl. sinensisthat were culturedn vitro.
Bouvie et al. (2002) found that 2QM — 300 uM concentrations of oryzalin were
required to induce polyploidy iRyrusL. In SolanumlL. the most effective treatment
for producing tetraploids was a 24 hour treatment with 28/8oryzalin solution
applied to apical buds (Chauvin et al., 2003). From prior researslevident that
the optimal oryzalin concentration and treatment duration for polypiadction
varies among species and must be determined empirically.

Trifluralin [2, 6-dinitro-N, N-din-propyl-4-trifluomethyl anilie] has also been

successfully used to manipulate ploidy levels. Approximately 5%hefanther
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filaments ofSpathiphyllum wallisiiRegal ‘Speedy’ treated with @M trifluralin or
oryzalin became polyploids (Eeckhaut et al., 2004). The Eechhaut studi;
suggested that both of these chemicals, (both structurally sidilgroanilines)
could effectively replace colchicine as an anti-mitotic agent, ridnm®ving the risk of
colchicine exposure in laboratory procedures (Eeckhaut et al., 2008)praphos-
methyl [APM; O-methyl-O-(4-methyl-6-nitrophenyl)-N-isoprdpghosphorothioam-
idate] has also been used to induce chromosome doubling (Hansen et al., 2000).
Diploid sugar beetsBeta ulgarisL.) treatedn vitro with amiprophos-methyl yielded
10% - 25% tetraploids (Hansen et al., 2000). Exposure,@ dés has also been
reported to alter the ploidy level although the mode of actionaimtqlis not known
(Kitamura et al., 2009)N.O has been used @ea may4.. (Kato and Birchler, 2006)
andTriticum dicoccunKhapli (Kihair and Tsunewak, 1960).

For all the reports described above, flow cytometry was used tatilyua
nuclei DNA content. A flow cytometer can evaluate a large ptipualaf single cells
or nuclei by quantifying the amount of nuclear DNA that is pres&hts is done by
aligning cells or nuclei, via hydrodynamic forcing, and passiem by a single
wavelength light source (Greve et al., 2004). When a DNA fluergstain such as
DAPI is included the light excites the bound DAPI and emits #soence in
proportional to the DNA/ DAPI binding ratio. This emission is e form of an
electrical signal that is translated into a numerical deatahat is compiled in real

time (Rahman, 2006).
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1.3 Use of Polyploids

Polyploid plants may have a wide variety of uses including overcoming
hybridization barriers (due to differences in ploidy), improved strgderance,
improved pest resistance, and restoring fertility in wide ligbriLevin, 1983).
Polyploids can have larger flowers and large thick leavek shirter internodes
(Pryor and Frazier, 1968). In addition triploids can be advantagemzite they
typically fail to reproduce sexually due to unbalanced chromosome numbers.

Many nursery crops are not native to the areas where theyaaregl and
they have the potential to escape the managed landscape and becaine.inkar
example,Pyrus calleryanaDecaisne ‘Bradford’ (Bradford Pear) (Dirr, 1998) and
Berberis thunbergilDC var. atropurpurea(Japanese barberry) (Lehrer and Lubell,
2008) are two examples of nursery crops that are commonly plantetie
ornamental landscape that are now considered invasive. One poggitdaca to
reduce the invasive nature of some non-native crops is to develapdtselections
with reduced fertility. Reproductive sterility can also be zgii in genetically
modified organisms (GMO) as a mechanism to eliminate or regkroe introgression
into native species.

Ploidy manipulation that results in seedless fruit can incréesguality and
guantity of the fruits. Triploid watermelon€ifrullus spp. Forsskal) are commonly
grown to produce seedless watermelon. Additional seedless haradlylimportant
crops include grapesvitis spp L.), apples ialus spp. Tournefort) plantains and
bananasNlusaspp. L.) (Lehrer and Lubell, 2008). Tetraploid apples may produce

fruit almost double the size of diploid fruit. However, a disadagatof increasing
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the fruit size is that the larger fruit maybe watery andgshapen. Triploid fruit crops,
produced through breeding, can have traits found in tetraploids and doalicadts
while reducing the number of seeds within the fruit (Ranney, 2007)re Hne a few
varieties of apples on the market that are triploids includingp@ri Holstein and
Jupiter that retain the flavor of the diploid parent yet havenitreased size found in

tetraploid fruit.

The goal of this research was to manipulate the ploidy of the dileicis
yunnanensidHu et Cheng (Yunnan redbud native to Yunnan, China) usingtro
treatments with oryzalin to create tetraploid plants. $pecies was chosen due to
its easy of propagatian vitro along with its exotic (non-native to the United States)
origin. If this species is planted into a landscape there is ptEmthybridization to
the nativeCercis canadensi&. or even potential for the plant to become invasive
unless precautions are taken. These tetraploid plants (estatthstwgh this project)
can then be used to hybridize with a diploid plant (original ptaaterial) to produce
triploid offspring. This research laid the foundation to develop a profocol vitro
polyploidy induction that could be applied other ornamental crops. Thestage of

this research will be to produce a sterile triplGid/unnanensis.
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Chapter 2: Materials and Methods

2.1 Plant Materials

Cercis yunnanensisiu et Cheng (United States National Arboretum clone
129EC) shoot cultures wene vitro propagated on a shoot proliferation media of full
strength (1x) Linsmaier and Skoog (LS) media (Linsmaier and Skb865)
supplemented with 1.8M 6-benzyl adenine (BA) and OB indole-3-butyric acid
(IBA). Media was solidified using 0.15% (w/v) Gelrite™ (Caiss@oratories Inc.,
North Logan, UT), and 0.35% (w/v) agar (Caisson Laboratories Inc., Moghn,
UT). Shoot cultures were grown in Magenta® GA7 vessels. Nine 1% dlets
with ~ 4 or 5 internodes were cultured per vessel. Shoot culturesgsawvn in a
controlled environment growth chamber where they received continudnuisridgn
cool-white fluorescent light (Ecolux® Technology Plant and Aquarium F40T12
Bulbs) with a PAR of 200 to 30@mol mi*s* at 23 + 1° C. Shoot cultures were

transferred to new media at 4 to 5 week intervals.

2.2 Preliminary Experiments

These studies on the induction of root and callus were done to supplement the
main studies on polyploidy induction. The root induction study was done to give
guidance on which media and lighting situations developed the highest percentage of
roots from 129EC. The callus induction study was done to give guidance to which

hormone combination induced the most callus from 129EC.
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2.2.1 Root Induction

Nodal sections consisting of 4 to 5 nodes of clone 129EC were rootagon
types of media: half strength (0.5x) LS media with no supplemeridl@strength
(1x) LS media supplemented withuM of IBA. A total of four nodal sections were
placed in each container. Half the culture vessels were piadbed dark while the
remaining were cultured in continuous light. After seven wdeksnitmber of rooted
plantlets was recorded.
2.2.2 CallusInduction

Internode sections, 2 to 2.5 cm in length, of clone 129EC were cultured on full
strength (1x) LS media, supplemented with various concentrationsl-of

naphthaleneacetic acid (NAA), 2,4-Dichlorophenoxyacetic acid (2,420 6-

benzladenine (BA) as described in Table 1. 12 internodal sections were cultured

NAA NAA 24-D 2,4-D

2.5uM SuM | 2.5uM 5 uM
BA | 0.44pM X X X X
BA 1.1uM X X X X

Table 1. Auxin and cytokinin concentrations used in the callus inductpeTieent.
Combinations of 1-naphthaleneacetic acid (NAA), 2,4-Dichlorophenoxgaeetd
(2,4-D) and 6-benzladenine (BA) were used in the callus induction engrgri Eight
combinations in total were used.

on the specified media in 100 x 15 mm sterile polystyrene Petniesli Each
treatment included seven replicate plates. Cultured stetiorseevere placed in a
dark box for 11 weeks. To determine callus induction and growth, eadhdidht

was initially weighed aseptically and the callus tissue was #raoved and placed in

a new Petri dish containing the same media. The old Petriscigbiee reweighed
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again and the weight of the 12 stem/ callus explant was deterimyrsdabtracting the

initial weight from the weight of the Petri dish after callus transfer.

2.3 Polyploid | nduction

Four different treatment methods used oryzalin at a constant catmenof
150 uM. Two of the four treatments consisted of either nodal sectidathslateral
buds or nodal sections with the shoot tip that were either treatbdagueous
solutions of oryzalin or the oryzalin was incorporated into the culedia. The
remaining two treatments consisted of either aqueous or mediadrea of oryzalin
on callus induced from internodal explants. Table 2 outlines the polyploidtioeluc
factorial design.

2.3.1 Shoot Treatments

2.3.1.1 Aqueous Treatments
The aqueous shoot treatment experiments uisedtro shoot cultures to

evaluate the effect of placing shoot explants into an oryzalini@elutA stock
solution (75mM) of oryzalin (Sigma-Aldrich®: St. Louis, MO) was made by
dissolving oryzalin in 100% ethanol. Treatments were performeal \atro (a) shoot
apices, (b) nodal sections with lateral buds or (c) nodal sectitim$ateral buds that
were first cultured for one week (herein referenced as preredliaterals) on shoot
proliferating media. Leaves were removed prior to treatmenterisure full
submersion in oryzalin solution.
Treatments were conducted in sterile 125 mL flasks containingl5@f

sterilized full strength (1x) liquid LS media with 1pM oryzalin for O (dipped into
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Shoot Treatments (Section 2.3.1)

Aqueous (Section 2.3.1.1)

Duration (Hours): 0 (Dip), 6, 12, 24, 48 and 96

Explant: Apical, Lateral and Pre-Cultured Lateral

Treatment:; Control and Treatment

Total Number of Treated Explant: 216

Media (Section 2.3.1.2)

Duration (Day): 1, 2, 4, 8 and 16

Explant: Apical, Lateral and Pre-Cultured Lateral

Treatment:; Control and Treatment

Total Number of Treated Explant: 540

Callus Treatments (Section 2.3.2)

Aqueous (Section 2.3.2.1)

Duration (Day): 0 (Fresh Cut), 5, 10, 15, 20, 25, 30, 35 and 40

Treatment:; Control and Treatment

Total Number of Treated Calli: 324

Media (Section 2.3.2.2)

Duration (Day): 5, 10, 15, 20, 25, 30, 35 and 40

Treatment:; Control and Treatment

Total Number of Treated Calli: 288

Table 2. Polyploid induction factorial design.
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solution), 6, 12, 24, 48 or 96 hours. Flasks containing the explants wetedgita
room temperature on an orbital shaker at 100 RPM for the given treatment duration
Control treatments were conducted by using the same procedurethathol and
lacking oryzalin (ethanol was used to dilute oryzalin thereforeust be used with
control treatments). After treatment for the specified tiexplants were blotted dry
using sterile paper towels to remove excess treatment solurttbthen transferred to
solidified shoot proliferation media. 12 explants were used foh eagzalin
treatment for a total of 216 explants. After ten weeks of @jltmew growth was
removed from the treated tissue and shoot explants were tradsferfresh media.
The existing callus, leaves, and terminal apices were remow@diie shoot explants
when transferred giving a 4 to 5 internodal explant from basaldiwhich was then
transferred to shoot proliferation media. These plants were tbam dor two weeks
after which time leaves from the six plants within each calluassel were collected
and pooled-nucleic DNA content determination using flow cytometAfter 14
weeks of culture, the callus and apical portion of the explant wasvexl and the
plants were transferred to a root inducing medium containing half strength I(8.5x
2.3.1.2. Solidified Media Treatment

To determine if polyploidy could be induced in shoot explants cultared
solidified media containing oryzalin, nodal explants with shoot apivedal sections
with lateral buds and nodal sections with lateral buds containin 4nternodes that
were first cultured for one week on shoot proliferating medieevealtured on full
strength (1x) LS media supplemented with 180 oryzalin. Explants were cultured

on the solidified media for 1, 2, 4, 8 or 16 days. 540 explants weredreeth 36
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explants per treatment. 270 explants were used as controls; 18 explardatpesrit.
After treatment, the explants were transferred to fresh ghrotiteration media for
ten weeks. Any callus, leaves, and terminal apices wenevexd to make nodal
explants containing 4 to 5 buds at the base of the plantlets (brigsize that was
treated) which was then transferred to the shoot proliferationametihese plants
were grown for two weeks to allow new leaf production. Newawvés from each
culture vessel were collected and pooled-nuclei DNA content deiation using
flow cytometry
2.3.2 Callus Treatments
2.3.2.1 Aqueous Treatment

Internodal sections of clone 129EC were cultured on full strength ($x) L
callus induction media supplemented withM 2,4-D and 0.441M BA for 5, 10, 15,
20, 25, 30, 35 and 40 days. Callus generated after the respective colasevere
placed in a sterilized 125 mL flask with 50 mL of full strendgthx] LS media that
contained 15QuM oryzalin (treatment) or equal parts 100% ethanol (control). The
flasks were sealed with Identi-Plugs® (Jaece Industries hnud) agitated on an
orbital shaker for 12 hours at 100 RPM. Following this, the solutionfitesed
from the callus tissue using a sterile mesh and washed withL16f aqueous full
strength (1x) LS. The internodal sections were then placsteiile 100 x 15 mm
polystyrene Petri dishes containing callus induction media. Asabysiuclear DNA
content by flow cytometry was conducted seven weeks after loryzaatment

began.
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2.3.2.2 Solidified Media

Results from the callus induction study indicated that the medigptbduced
the greatest amount of callus was full strength (1 x) LS sugoiesd with 5uM 2,4-
D and 0.44uM BA. To this media 15@M oryzalin (treatment) or equal volume of
100% ethanol (control) were filter sterilized (Fisherbrand® 25mrmgg filter, 22
MM, MCE, sterile) then added to the media. The media was coolddyaured into
sterile 100 x 15 mm polystyrene Petri dishes. 12 internodal sectiaisne 129EC
were placed on the respective media with three replicatesplade treatment.
Internodal sections were cultured on media with oryzalin for eftres, 10, 15, 20,
25, 30, 35 or 40 days. At the end of given culture time, callus tisssi¢ravesferred

to callus induction media without oryzalin.

2.4 Flow Cytometry

A Partec PAIll flow cytometer, with 100W UV HBO lamp was uded
determine nuclear DNA content according to the manufacturertsiatisins. For the
shoot treatments, the most basal leaves were collected and fombedeach
treatment. From this pool 0.5 énof leaf tissue was placed in a 100 x 15 mm
polystyrene Petri dish, 400L of nuclei extraction buffer (Partec) was added and a
sharp razor blade was used to chop the leaf tissue in the buéffer one minute
incubation, 1.6 mL of staining buffer (Partec) was then added to #ie. pfhe
solution was filtered through a Partec|3® (Green) CellTric8 disposable filter and
collected in a Rohren-Tube (Sarstedt 3.5 mm x 55 mm x 12 mm). Apatety 3
hours later the solution was cycled through a Partec PAIl thiéhgains set at 505

(FL4). Using the analysis function, peaks were assigned to thataldta. If peaks
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were not assigned by the program then they were determined lipanieaks
assigned represent the quantity of nuclei present in each dipdtrdploid and

octaploid peak. This information was used for statistical analysis.

2.5 Statistical Analysis

2.5.1 Experiments

2.5.1.1 Root Induction
Chi-squared (Proc FREQ, SAS 9.2, Cary, NC) was used to caloegatiées of

the root induction experiment. Continuity adjusted chi-square was aseadlysis
since only 1 degree of freedom was present for each of the given tests.

2.5.1.2 CallusInduction
Fisher’s least significant difference (LS=0.05) test was performed to test

determine that significant differences existed betweemsen weights of callus for

each treatment group.

2.5.2 Polyploid Induction
The samples were run through the flow cytometer and the visipleidi

tetraploid or octaploid peaks were separated and quantified. Thenaeaals of the
sample groups were then tested with ANO\GA(@.05) to determine differences. All
of the statistical analysis was done by importing the sleti®into SAS 9.2. Analysis
of variance (ANOVA) the Proc MIXED test was used if the amaces were not
balanced (ex. uneven replicates), while the Proc GLM was t#iegl variances were
balanced. Fisher’s least significant difference (LS&30(05) was performed on
shoot treatments for mean separation when the ANOVA showed thafffdtts of

the raw data were significantly different.
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Chapter 3: Results

3.1 Experiments

3.1.1 Root I nduction

The rooting experiment determined the effect of media compositiofigdmd
on the presence or absence of root initiation and growth. Table 3s sthaw
percentage of explants that produced roots after seven weekeathdnt. No
difference was observed in rooting among the various treatrsiemgeeks after the
treatment (Table 3). Culturing explants on half strength (Q.5xinedia resulted in
the rooting of 57.9% of the explants in the light while 55.0% of theaexplrooted in
the dark. Similar results were obtained when explants weaigett with full strength
(1x) LS media supplemented withuM IBA where 52.7% of the explants rooted in
the light and 56.2% rooted in the dark (Table 3). Four independentlyhuSquare
analyses=0.05) revealed no statistical difference among the treatmeniffering
media or in light or dark condtions (Table 4).

3.1.2 CallusInduction

The average callus weight for all 2,4-D treatments was 1.0728 gwduites
the average callus weight for all NAA treatments was 0.5681 gafters12 weeks of
treatment. On average, treatments with 2,4-D resulted in mdues gabwth than
NAA treatments (Table 5). LSDu£0.05) revealed no difference in callus growth
from treatments supplemented with NAA. Treatment of futrggth (1x) LS media
supplemented with pM 2,4-D plus 0.44uM BA was designated “callus inducing

media” (CIM) and used in subsequent experiments. The growth of
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Growing Media Light Dark

0.5x LS Media (11/19) 57.9% (11/20) 55.0%

1 x LS Media with TuM IBA (19/36) 52.7% (20/36) 56.2%

Table 3. Percentage (%) of explants that produced roots aftar smeks when
cultured on two different media (0.5x LS with no supplements or 1x L&iame
supplemented with uM IBA), either in the dark or in continuous light. Numbers
within parenthesis indicate actual number out of total explants that produced roots.
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Continuity

Comparisons X2 P Significant
0.5x LS Media verse 1x Media

with 1 uM IBA in the Light 0.0060 0.9381 ns
0.5x LS Media verse 1x Media

with 1 uM IBA in the Dark 1.3832 0.2396 ns
Light verse Dark culturing on

0.5x LS Media 0.0000 1.0000 ns
Light verse Dark culturing on

1x LS Media with JuM IBA 1.6406 0.2002 ns

Respectively; ns = non-significant

Table 4. Chi-squarea£0.05) analysis of explant rooting on four independent
comparisons of 0.5x LS media with no supplements and 1x LS media pihiBA
cultured in light or dark conditions. No significant differences ewebserved
between tested medias or lighting.
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Significant Mean
Levels (¢=0.05) (gm) N Treatment
A 1.2657 7 BM 2,4-D & 0.44uM BA
A 1.1164 7 2.%M 2,4-D & 1.1uM BA
AB 1.0594 7 2.9M 2,4-D & 0.44uM BA
BC 0.8497 7 pM 2,4-D & 1.1uM BA
CD 0.6271 7 1BV NAA & 0.44 uM BA
D 0.5554 7 BM NAA & 1.1 uM BA
D 0.5546 7 2.6/ NAA & 1.1 uM BA
D 0.5353 7 2.6/ NAA & 0.44 uM BA

Table 5. Callus weight of internodal sections of 129EC after 1Rswafetreatment.
Differences between means designated by different |€te8, C and D) based on
LSD of a=0.05. The mean weights are composed of the weight (gm) of 12 internoda
sections per container. The total error degree of freedom fatetitiss 48. For the

LSD test the error mean square is 0.056436 and the least signifi€gmence
between significant levels is 0.2553.
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callus on CIM was not statistically different from callus gitowhat occurred for the

2.5uM 2,4-D plus 1.1uM BA or 2.5uM 2,4-D plus 0.44uM BA treatments.

3.2 Ploidy I nduction

3.2.1 Aqueous Shoot Treatment

3.2.1.1 Leaf Growth and Development
Aqueous shoot solution treatment with 18@ oryzalin reduced the number

of new leaves that were produced after five weeks of cultuespeective of treatment
time or explant type (Figure 1). On average, treatment withabrnyreduced new
leaf production by approximately one-half. ANOVA (Proc GLM) lgsis (©=0.05)
revealed that both treatment with oryzalin and the duration of ¢éa¢ntent had an
effect on leaf growth and development (Table 6). The greatesberuai leaves,
regardless of explant type (apical, lateral or pre-culturextdBf was observed for
treatment of 12 hr with 15QM oryzalin. Treatment for 96 hours with 1%M
oryzalin produced the least number of leaves. When averaged daoeatment
durations and explant type, treatment with iB0 oryzalin produced 14.8 leaves per
culture vessel compared to 29.5 leaves for control explants (TablBré}Cultured
laterals produced an average of 24.2 leaves per vessel whichifecaigly more
than the average 21.2 leaves for the apical explants and 21.0 featbe lateral
explants irrespective of treatment and treatment duration. eTwas a significant

interaction between the type of explant treated and the treatmenbdurati
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Analysis of Variance

Source of Variance d.f SS MS F-value Pr>F Signif.
Treatment Duration 5 362.569 72.513 4,71 0.0021 *
Explant 2 158.861 79.431 5.61 0.0107 *
Treatment 1 3886.680 3886.681 252.34 <0.0001 *
Treatment Duration*

Explant 10 427.138 42.719 2.77 0.0120 *
Treatment*Treatment

Duration 5 86.902 17.381 1.13 0.3631 ns
Explant*Treatment 2  47.194 23.597 153 0.2299 ns
Treatment

Duration*Treatment*

Explant 10 197.472 19.747 1.28 0.2769 ns

* Significant @ =0.05)
Respectively; ns = non-
significant

Table 6. ANOVA of the effect of aqueous oryzalin treatmenthwotsleaf growth
and development five weeks after treatment. Shoots were tredtedly0 puM
oryzalin for durations of 0, 12, 24, 48 and 96 hours. Three different expiaed
(apical, lateral and pre-cultured lateral) were treated.
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Significant Levely Mean| N Treatment
A 29.5 36 Ethanol (Control
B 14.8| 36| Oryzalin (Treatment

Table 7. Least significant difference (LSD) of mean nunidfeleaves per tissue
culture vessel after treatment with 130 oryzalin. Leaves were counted five weeks
after treatment. Treatments were statistically difie(e= 0.05) the mean is based on
36 culture vessels.
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3.2.1.2 Root Development
Aqueous shoot treatment with 1501 oryzalin reduced the development of

roots when measured eight weeks after treatment. An avefafe&8 out of 6
explants in the control vessels developed roots, while an averagéloexplants
treated with 15QuM oryzalin developed roots. According to ANOVA (SAS MIXED
procedure) a significant difference exists between treatnagrtshe interactions of
treatments (Table 8) while explant type alone did not sigtifiganfluence rooting.
Within the interaction of explant type and oryzalin treatmdms, lateral explants
treated with 15QuM oryzalin developed the fewest roots with an average of 0.58
explants that developed roots per culture vessel, while control exptamsting of
the apical shoot developed the most roots and averaged 5.75 rooted planttupe
vessel. The average for all treated explants (regardless dioduoa explant type)
was 2.67 rooted plants per culture vessel while the averagel fwondtol explants
was 4.92 rooted plants per culture vessel. Treatment duration (0, 6, 12 a2l 98
hours) had no effect on the development of roots. The oryzalin mantaiasiiaal
effect on the root development.

3.2.1.3 Polyploid Induction
The DNA content of leaf nuclei was measured using flow cytoni€t weeks

after treatment. Figure 2 illustrates the typical addtained for diploid (Figure A),
tetraploid and diploid (Figure B) and diploid, tetraploid and octaploigu(E C)

nuclei. The data obtained from the flow cytometry analysis ofeaudNA content
was used to evaluate ploidy levels. Since each sample variegl mumber of nuclei

measured, data was normalized to the ratio of tetraploid nuclei to diploid nuclei. As
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Analysis of Variance

Source of Variance d.f. F-value Pr>F Significant
Treatment Duration 5 0.27 0.9250 ns
Treatment 1 108.80<0.0001 *
Explant 2 0.82 0.4494 ns
Treatment Duration*Treatment 5 1.910.1192 ns
Treatment*Explant 2 5.67 0.0075 *
Treatment Duration*Explant 10 0.46 0.9061 ns
Treatment

Duration*Treatment*Explant 10 1.26 0.2902 ns

* Significant (@=0.05);
Respectively; ns = non-significant

Table 8. ANOVA of the effect of aqueous shoot treatment with,®M8®ryzalin on
root development of explants eight weeks after treatment. meeatduration
represents 0, 12, 24, 48 and 96 hours of treatment. The explant variabéenmtpre
the apical, lateral and pre-cultured lateral explant type. ({fé®ment variable
represents control verse plants treated | i&Goryzalin.
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Figure 2. Examples of flow cytometry histograms for nuclainf pooled leaf samples of
aqueous shoot treatments measured 16 weeks after treatment. -aXiseix relative
fluorescence of DAPI stained nuclei and y-axis is the numbeudei per fluorescence
channel (Gains 505). Figure A shows a pooled diploid sample cons$tsig apical
stems that were treated with an aqueous solution of ethanol for 96 lroguse B shows
diploid and tetraploid peaks form a pooled sample of nuclei from sigytared lateral
stems that were treated with an aqueous solution ofi/66ryzalin for 12 hours. Figure
C shows a diploid, tetraploid and an octaploid peak from a pooled sampldeaffrara
six pre-cultured laterals that were treated with fitBDaqueous oryzalin for 96 hours.
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shown in Figure 3, treatment with an aqueous solution of oryzalinaisedethe ratio of
polyploid nuclei in the pooled nuclei sample irrespective of explge br treatment
duration. The oryzalin treatment and the duration of the oryzalatnment were
significantly different from control treatments (Table 9) and thteraction between
treatment and duration was also significant(.05) for both diploid and tetraploid
nuclei. Explant type had no effect on tetraploid to diploid rati@bl@ 9). In general,
treatments of 12 hours or greater resulted in an increased raetragloid to diploid
nuclei. The 12 hour lateral treatment may have an artifiatéd inflation because of a
contamination issue that resulted in the culling of half of thedadeplants, all other
treatments and explants treated have the mean of 12 plantsergpdes Including
octaploid nuclei into the ratio calculations did not change the sedtijure 4 and Table
9). Similar to the tetraploid calculation, the ratio of polyploid audtetraploid plus
octaploid) was significantly affected by oryzalin treatmentl ahe duration of the
treatment (Figure 4). In addition, like the tetraploid resufesatment durations of 12
hours or greater produced an increased ratio of polyploid to diploid nutihes type of
explant had no effect on nuclei DNA content (Figure 4 and Table 9). fuither
characterize the effect of oryzalin treatment on nuclei DddAtent, the percentage of
polyploid nuclei (tetraploid plus octaploid) to the total nuclei mestbuwas determined.
Since previous analysis showed that the type of explant had no effect on DNA cohtent, al
explant types were combined in the calculation. As shown in Figihe percentage of
polyploid nuclei increased relative to all nuclei with oryzaliratmeent, and polyploid
nuclei accounted for 30% - 40% of nuclei after 12 hours of aqueousématvith 150

MM oryzalin (Figure 5). Based on this pooled analysis, individual pldram
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Figure 3. Ploidy ratio of pooled-leaf nuclei DNA content frehoots. Nuclei were
isolated from explants consisting of either internodal shoots wittegpiApical),
internodal shoots without an apex (Lateral) or internodal explartt®wti an apex
that were first pre-cultured on full strength (1x) LS media smpphted with 1.8tM

BA and 0.5uM IBA for seven days (Pre-Cultured Laterals). DNA contens wa
measured 16 weeks after treatment. Leaves from growing explant pooled from
each tissue culture vessel (replication) and used to measure nuclei Di¢Atco
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Analysis of Variance -

Source of Variance d.f F-value Pr>F Significant
Diploid peak results of ANOVA

Treatment Duration 5 4,01 0.0062 *
Treatment 1 104.60 <0.0001 *
Explant 2 0.86 0.4339 ns
Treatment

Duration*Treatment 5 2.90 0.0286 *
Treatment*Explant 2 1.31 0.2851 ns
Treatment Duration*Explant 10 0.55 0.8430 ns

Treatment Duration *Treatment*Explant 10 0.45 0.9099 ns

Tetraploid peak results of ANOVA

Treatment Duration 5 3.34 0.0154 *
Treatment 1 94.57 <0.0001 *
Explant 2 0.87 0.4288 ns
Treatment Duration

*Treatment 5 2.66 0.0405 *
Treatment*Explant 2 1.16 0.3261 ns
Treatment Duration *Explant 10 0.47 0.8951 ns

Treatment Duration *Treatment*Explant 10 0.48 0.8930 ns

Octaploid peak results of ANOVA

Treatment Duration 5 4.00 0.0063
Treatment 1 18.88 0.0001 *
Explant 2 0.55 0.5816 ns
Treatment Duration

*Treatment 5 3.44 0.0135 *
Treatment*Explant 2 1.18 0.3215 ns
Treatment Duration*Explant 10 2.20 0.0440 *

Treatment Duration *Treatment*Explant 10 1.72 0.1193 ns

* Significant @ =0.05)
Respectively; ns = non-significant

Table 9. ANOVA analysis of the diploid, tetraploid and octaploid peaReoled

leaves of aqueous shoot treatments were measured 16 weekseatteemt. This
table is composed of three independently run ANOVA tests. Thablariested was
the percentage of nuclei (out of 100%) that occurred within ead¢h(freapercent of
each of the 3 peaks added together equal 100%).
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Aqueous Shoot Treatment (Octaploid + Tetraploid) / Diploid
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Figure 4. Polyploid ratio of pooled-nuclei DNA content isolateanf explants after

aqueous shoot treatment. This figure takes into account the octapltedpius the
tetraploid nuclei.
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Figure 5. Percentage (%) of each ploidy type in the paulietei samples isolated

from explants after the aqueous shoot treatment 16 weeks aftendré. Sum of
diploid, tetraploid and octaploid peaks equal 100%. This data reflects the mean of the
apical, lateral and pre-cultured lateral explant treatments.
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selected treatments were analyzed for nuclei DNA content. IoFiger treatment
durations (12, 24, 48 and 96 hours) were shown to give the greatest anofeas
polyploid nuclei, individual plants from these treatments were tebtediow
cytometry (Table 10) 26 weeks after initial treatment. Imegal the greatest
percentage of tetraploid plants occurred after 96 hours of treatmeérglso resulted

in the only mixaploid plants consisting of tetraploid and octaploid andotihe
octaploid plants. At the 26 week mark there were 19 polyploids otlibdreated
plants (8.8% throughout all treatments including dip and 6 hour). At 36 wez=kS
polyploids were sub-cultured into 65 smaller explants and allowed to grow. 60 weeks
after initial treatment, the sub-cultured explants were deaggin and nine plants

remained stable tetraploids.

3.2.2 Salidified Shoot M edia Treatments

This treatment involved placing shoots into media supplemented withM50
oryzalin. 12 weeks after the initial treatment, plants weregaoobahd DNA nuclei
content was measured via flow cytometry. Figure 6 shows tfe ahtetraploid
nuclei to diploid nuclei as opposed to absolute values since the number @f nucl
tested for DNA content varied among samples. These results gbigwlittle
variation between treatment or explant types. ANOVA confirmed tia only
significant treatment effect with oryzalin was on the frequenaf diploid and
tetraploid nuclei (Table 11). Although no tetraploid plants were getefaom
treatment with 15QM there was a significantu€0.05) increase in the number of
tetraploid nuclei and a significant reduction in the number of diploid nucle

Treatment duration and explant type had no effect on nuclei DNA donfegure 7
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Mixaploid
(Tetraploid
Mixaploid (Diploid &

Treatment Diploid and Tetraploid) Tetraploid Octaploid) | Octaploid
Duration Explant no. (%) no. (%) no. (%) no. (%) no. (%)
12 Hour Apical 6 (50) 5 (41.6) 1(8.3) 0 (0) 0(0)
12 Hour Lateral 8 (66.6) 4(33.3) 0 (0) 0 (0) 0 (0)

Pre-Cultured
12 Hour Laterals 10 (83.3) 0(0) 2 (16.6) 0(0) 0(0)
24 Hour Apical 7 (58.3) 3 (25) 2 (16.6) 0 (0) 0 (0)
24 Hour Lateral 5 (41.6) 7 (58.3) 0 (0) 0 (0) 0 (0)

Pre-Cultured
24 Hour Laterals 9 (75) 3 (25) 0 (0) 0 (0) 0 (0)
48 Hour Apical 7 (58.3) 5 (41.6) 0 (0) 0 (0) 0 (0)
48 Hour Lateral 6 (50) 3 (25) 2 (16.6) 0(0) 0(0)

Pre-Cultured
48 Hour Laterals 4 (33.3) 7 (58.3) 1(8.3) 0 (0) 0 (0)
96 Hour Apical 5 (41.6) 6 (50) 1(8.3) 0 (0) 0 (0)
96 Hour Lateral 6 (50) 3 (25) 3 (25) 0 (0) 0 (0)

Pre-Cultured
96 Hour Laterals 3 (25) 2 (16.6) 3 (25) 3 (25) 1(8.3)

Table 10. Ploidy distribution of individual plants treated with onyz26 weeks after
the initial treatment. Plants were tested individually andewarosen due to the
tetraploid or octaploid peaks of the pooled samples.
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Figure 6. Tetraploid to diploid ratio of pooled-nuclei DNA isolatemim explants

after treatment in solidified shoot media. Ratio of pooled sesnpl tetraploid nuclei
were divided by diploid nuclei. Explant type and treatment duration are shown. Flow
cytometry was used on pooled samples of explants within tanea The numbers

of nuclei within each peak (tetraploid or diploid) were compareal ia@io since the
numbers of nuclei tested differed among samples.
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Analysis of Variance

Source of Variance d.f F-value Pr>F  Significant
Diploid peak result of ANOVA

Treatment Duration 4 0.99 0.4218 ns
Treatment 1 4,71 0.0343 *
Explant 2 0.28 0.7571 ns
Treatment Duration *Treatment 4 0.91 0.4661 ns
Treatment*Explant 2 1.30 0.2807 ns
Treatment Duration *Explant 8 0.76  0.6381 ns
Treatment Duration

*Treatment*Explant 8 0.85 0.5648 ns

Tetraploid peak result of ANOVA

Treatment Duration 4 0.66 0.6227 ns
Treatment 1 5.04 0.0287 *
Explant 2 0.26 0.7717 ns
Treatment Duration *Treatment 4 0.96 0.4367 ns
Treatment*Explant 2 1.04 0.3609 ns
Treatment Duration *Explant 8 0.61 0.7629 ns
Treatment Duration

*Treatment*Explant 8 0.91 0.5170 ns

Octaploid peak result of ANOVA

Treatment Duration 4 1.18 0.3291 ns
Treatment 1 0.73 0.3973 ns
Explant 2 0.10 0.9061 ns
Treatment Duration *Treatment 4 0.65 0.6307 ns
Treatment*Explant 2 0.81 0.4482 ns
Treatment Duration *Explant 8 0.90 0.5195 ns
Treatment

Duration*Treatment*Explant 8 0.65 0.7341 ns

* Significant @=0.05),
Respectively; ns = non-significant

Table 11. ANOVA analysis of the effect of solidified shoot meddeatment on the
nuclei DNA content of pooled explants. Diploid, tetraploid and octaplaégeere
assigned after flow cytometry analysis. The numbers of nwilein each peak were
compared to the peaks of the other treatments for each pooled sarheable is
composed of three independently run ANOVA test that compared thenpsge of
nuclei within each peak. Treatment duration represents 1, 2,418 days in the
solidified media. Treatments represent either treatments ofubb@®ryzalin or
controls of ethanol. Explant represents either apical, lateraleecybtured lateral
internodal sections.
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Figure 7. Ploidy ratio of pooled-nuclei DNA isolated from exy$ after treatment in
solidified shoot media. Explant type treatment and treatmenttialurare
represented. Flow cytometry was run on pooled samples of explEmésnumbers
of nuclei within each peak (octaploid, tetraploid or diploid) were coetpas a ratio
since the numbers of nuclei tested were never the same.
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combines the percentage of total polyploidy (tetraploid plus octaploakspdivided

by the diploid peak percentage. Little difference was obdearaong treatment
explant type or duration of treatment. This would be expected bettaugdNOVA
(Table 11) shows no significant differences with the octaploid pedke 1dck of
tetraploid plant production indicates that the solidified shoot media treatmentais not
efficient method of polyploid induction because oryzalin is not a systand the
plant tubulin must be in direct contact with the oryzalin for polgploduction to
occur.

Figure 8 present a side by side comparison of both methods useddbr sh
treatment (aqueous and solidified media). Figure 8 shows the oedrapldiploid
ratio while Figure 9 shows the polyploid peak to diploid ratio. From this data it is
clear that the controls from both methods maintained a consistexitde DNA
content. Having both methods of shoot treatment on the same graptheveéame
scale also shows that the aqueous treatment ofulb®ryzalin produced a much

greater ratio of tetraploid nuclei.

3.3 Callus Treatments

3.3.1 Callus Aqueous Treatment

The aqueous callus treatment consisted of callus that waseidita CIM for
0, 5, 10, 15, 20, 25, 30, 35 or 40 days and then treated in an aqueous solution of 150
MM for 12 hours on an orbital shaker. 12 weeks after initial treagmeegan
portions of the callus were removed and nuclei DNA content wasag by flow

cytometry. Also at that time the number of explants producing callus was also
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Figure 8. Tetraploid to diploid ratio of pooled-nuclei DNA contentatea from
leaves of explants treated with either agueous shoot treatmesalidified shoot
media.
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determined. ANOVA (Proc GLM) analysis confirms that the nundfetead callus
was not dependent on the treatment duration while treatment,owitalin did
significantly affect callus viability (Table 12). Table 18 composed of three
independently run ANOVA tests. The analysis revealed simelsults in all three
tests in that the treatment duration has no significant effeauolei DNA content.
The only significant factor different from the control was treatt with 150uM

oryzalin which had an effect on diploid, tetraploid and octaploid peaks.

3.3.2 Callus Solidified Media Treatment

Callus was initiated on solidified media that contained i&Doryzalin for
time durations of 5, 10, 15, 20, 25, 30, 35 and 40 days. 12 weeks after the callus
initiation began, portions of the callus were removed and nuclei DdiAent was
evaluated via flow cytometry. After 12 weeks viable callus alas counted and
compared to dead callus. ANOVA analysis@.05) presented in Table 14 reveals
that neither treatment with oryzalin or length of treatmefecééd callus viability.
Although callus viability was not altered by oryzalin treatmérg, diploid, tetraploid
and octaploid nuclei DNA content was significantly higher attertteatment on the
media containing oryzalin (Table 15). Treatment duration had mifisant effect
on ploidy levels.

3.3.3 Callus Treatment Overview

Table 16 shows the ANOVA results of overall treatments with [BD
oryzalin or ethanol (control), and the treatment method of either ggoeéllus on a
CIM followed by oryzalin or inducing callus growth on solidified ngedobntaining

150uM oryzalin on the change of ploid. The ANOVA analysis 0.05) revealed
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Analysis of Variance

Source of Variance d.f F-value Pr>F  Significant
Treatment Duration 8 1.15 0.4242 ns
Treatment 1 66.82<0.0001 *

* Significant @ =0.05)
Respectively; ns = non-significant

Table 12. ANOVA analysis of callus viability after treatrhevith an aqueous
solution of 15QuM oryzalin.
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Analysis of Variance

Source of Variance d.f F-value Pr>F Significant
Diploid peak result of ANOVA

Treatment Duration 4 494 0.1102 ns
Treatment 1 83.41 0.0028 *
Treatment*Treatment Duration 3 4,70 0.1181 ns

Tetraploid peak result of ANOVA

Treatment Duration 4 4,10 0.1381 ns
Treatment 1 62.01 0.0043 *
Treatment*Treatment Duration 3 3.86 0.1482 ns

Octaploid peak result of ANOVA

Treatment Duration 4 6.04 0.0856 ns
Treatment 1 91.22 0.0024 *
Treatment*Treatment Duration 3 9.07 0.0515 ns

* Significant @ =0.05)
Respectively; ns = non-significant

Table 13. ANOVA analysis of the diploid, tetraploid and octaploid peaksjueous
callus treatments. Three independently run ANOVA tests are present.
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Analysis of Variance

Source of Variance d.f F-value Pr>F Significant
Treatment Duration 7 2.68 0.1084 ns
Treatment 1 2.17 0.1841 ns

* Significant @ =0.05)
Respectively; ns = non-significant

Table 14. Effect of oryzalin treatment and duration of treatroa callus viability.
Treatment durations consisted of 5, 15, 20, 25, 30, 35 and 40 days on the solidified
media containing 15QM oryzalin.
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Analysis of Variance -

Source of Variance d.f F-value Pr>F Significant
Diploid peak result of ANOVA

Treatment Duration 7 1.39 0.2335 ns
Treatment 1 176.43<0.0001 *
Treatment*Treatment Duration 7 1.250.2973 ns

Tetraploid peak result of ANOVA

Treatment Duration 7 1.65 0.1477 ns
Treatment 1 145.10<0.0001 *
Treatment*Treatment Duration 7 1.690.1374 ns

Octaploid peak result of ANOVA

Treatment Duration 7 1.05 0.4103 ns
Treatment 1 123.70<0.0001 *
Treatment*Treatment Duration 7 1.230.3072 ns

* Significant @=0.05)
Respectively; ns = non-significant

Table 15. ANOVA analysis of the diploid, tetraploid and octaploid ploidy leveds af
treatment on solidified callus media. This table is composeldreé independently
run ANOVA tests.
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Analysis of Variance -

Source of Variance d.f F-value Pr>F Significant
Diploid peak result of ANOVA

Treatment 1 83.78<0.0001 *
Treatment Method 1 2.55 0.1148 ns
Treatment*Treatment Method 1 0.790.3765 ns

Tetraploid peak result of ANOVA

Treatment 1 65.41<0.0001 *
Treatment Method 1 1.94 0.1683 ns
Treatment*Treatment Method 1 0.350.5542 ns

Octaploid peak result of ANOVA

Treatment 1 56.26<0.0001 *
Treatment Method 1 1.85 0.1789 ns
Treatment*Treatment Method 1 1.500.2253 ns

* Significant @ =0.05)
Respectively; ns = non-significant

Table 16. ANOVA analysis of the diploid, tetraploid and octaploidusafiuclei
DNA content after aqueous treatment or solidified media tredgtm&his table is
composed of three independently run ANOVA tests.
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the 150uM oryzalin a significant increase in polyploid nuclei compareeétt@nol
controls. The treatment method, when controls and treated callus peeled
together (aqueous and solidified media), had no effect on the number of tetraploid and
octaploid nuclei. The source of variance treatment: pooled togéthdretatment
method and views if more tetraploid and octaploid nuclei existed betwes
oryzalin treatment or the control.

Overall treatments with 15QM regardless of the method of treatment
resulted in 51.9% (18.7 dead of 36 calli) of the calli dying while aQly% (3.8 of
36 calli) of the calli were dead in control treatments. Aqué@ament also reduced
viability since overall 37.7% (13.6 of 36 calli) of aqueous callddidile only 24%
of the overall calli died from treatment with solidified medi&tatistically, the
aqueous treatment killed more calli than the solidified mediantesdg and both

methods were successful at producing polyploid nuclei.
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Chapter 4: Discussion

4.1 Experiments

4.1.1 Rooting Induction
The root induction study found no statistically significant reswlien using

these media and light combinations on selection 129KCeafis yunnanensidu et
Cheng. It did not make a significant difference if the plantseweoted in half
strength (0.5x) LS media with no supplements or full (1x) LS msdpplemented
with 1 uM IBA. In addition, the presence or absence of light did not atfee
number of roots produced. These results are similar to findinggp@veous study
(Cheong and Pooler, 2003) that tested the type and concentration of aiuxivitom
root development of 129EC. Therefore the results of this studyoaststent with
previous studies. The previous study (Cheong and Pooler, 2003) showedrkhat da
treatment affected adventitious shoot induction from leaf tissuetratidincreased
duration of dark treatment resulted in significanti@.05) more roots on media
supplemented with TDZ (thidiazuron). Although plant tissue (leafugeishoot),
media supplements (TDZ versus IBA) and time duration (0 to 8 wesrksis 0 to 7
weeks) were different, the findings of this rooting induction expent cannot be

directly compared to previous findings.

4.1.2 CallusInduction

Callus was grown on full strength (1x) LS media with four défer
combinations of 2,4-D and BA and four different combinations of NAA and BA

Callus initiated in the presence of 2,4-D with BA produced approxiynatéte the

56



mean weight of callus compared to the combination of NAA with BAis Btudy
was important to find which treatment combination induced the greatest graiiuth
for use in the callus ploidy induction experiment. The greatdkiscgrowth was
induced by full strength (1x) LS media supplemented withl 2,4-D and 0.44uM

BA. The findings of this callus culture protocol were incorpatratéo the polyploid

induction of callus.

4.2 Ploidy Manipulation Treatments

4.2.1 Shoot Treatment

4.2.1.1 Aqueous
Polyploid plants, including tetraploids and unstable octaploids, weregeddu

with the aqueous shoot treatment. Furthermore, the aqueous shtoetremethod
resulted in a 100% survival of all treated explants. The typepdfuet (apical, lateral
or pre-cultured lateral) had an effect on the number of leaves gadoibowing the
agueous shoot treatment. Explant type affected ploidy througprduriction of
unstable octaploids. This study found that when pre-cultured latezadstreated for
96 hours with 15QuM oryzalin, unstable octaploids were produced. The 96 hour
treatment with oryzalin was the only treatment to produce octaploRisrhaps a
longer treatment of oryzalin could ultimately produce stableptmtés or higher
levels of ploidy. For octaploid production, the nuclei must go through tiation
cycles; first the diploid nuclei must double its nucleic DNA copt¢hen the new
tetraploid nuclei must double its content. This may explain veyshorter time
duration of treatments did not yield octaploid nuclei. The instalafitye octaploid

nuclei may be a function of slower cell division for the polyploids garad to the
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diploids (Baatout, 1999). The duration of treatment with us0 oryzalin had a
significant effect. Tetraploids were produced from 12, 24, 48 and 9@Gieatiments
for the agueous oryzalin treatment. These durations might hawve Soeeessful
because the nuclei went through a complete mitotic cycle in tserme of oryzalin.
Plants that had altered ploidy levels were sub-cultured ixtlsints (depending
upon size at time of division). The plants were allowed to grow pitalaor basal
leaves were harvested and evaluated via flow cytometry. tRaésdicated that all of
the octaploid plants reverted to a lower level of ploidy (tetidjpl This may be a
result of the tetraploid nuclei outcompeting or out growing the octaploid nuclei
Chromosomes have been double@&otanumspp. L. (potato) (Chauvin et al.,
2003) in vitro with an apical dipping application of 2881 oryzalin for 24 hour
period produced tetraploid explants. This is consistent with the findirthss study.
Other published results (Petersen et al., 2002) indicate tlthicok treatments with
Miscanthus sinensié. on unrootedn vitro shoots produced higher percentages of
chromosome doubled shoots compared to the rooted shoots, and single shoots
produced more chromosome doubled shoots than treatment of clustered sheots. T
findings indicate that the toxic levels to the roots were rehtiedore chromosome
doubling occurred. Although their findings were with colchicine awod with
oryzalin, assumptions could be made that oryzalin will have the stigat on shoot
cultures.

4.2.1.2 Solidified
No polyploid plants were recovered from the solidified shoot media

treatments. Plants treated by this method were tested byhgdmdisal leaves of

treated plants. Through flow cytometry pooling efforts this methad proven to
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significantly increase the amount of polyploidy nuclei. Although polgbhuclei
were detected, it appeared that not enough nuclei were tnaesfoto justify
sampling individual plants via flow cytometry. As stated by Agtoat al. in 2008
“perhaps a method in which the entire explant is submerged (likdiguid-shake
culture) would improve penetration” which is supported by the resultisioistudy.
If oryzalin acted systemically, it may be possible fog huclei throughout the plant
to be affected by solidified media treatments. However, bryzpes not act
systemically and therefore the mitotically active nuateilj must be placed in direct
contact for tubulin binding to occur resulting in ploidy manipulation.

4.2.1.3 Aqueous Shoot Treatment Verse Solidified Shoot Media Treatments
In comparing the aqueous shoot treatment to the solidified shoot media

treatment, the aqueous treatment produced more polyploid nucleaqiibeus shoot
treatment produced tetraploid plants while the solidified shoot mesh#iitent did
not. Results published by Chauvin et al. (2003) also agree with finesngs. The
oryzalin that they placed in the media did not perform effectivelydoubling

chromosomes, compared to the aqueous agitated oryzalin solution wémsclthev

most efficient tetraploid producing method among oryzalin treatments.

4.2.2 Callus Media Treatment and Callus Aqueous Treatment
Statistically, more callus died from the aqueous treatment ttammedia

treatment and the significant factor contributing the amount dbiscaleath was
treatment with oryzalin verses the ethanol control. Although cddagh was an
issue, the formation of callus was not a hindrance. In other stuiesallus was
formed on immature inflorescenceMfscanthus sinensia. when exposed to M

oryzalin (Petersen, 2002). When comparing the amount diploid to payplclei
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produced it was clear that the method (solidified media or aquebtr&atment was
not significant since both treatments produced statistically equahbers of
polyploid nuclei. Both methods of oryzalin treatment did produce more palyploi
nuclei than the controls. In an evaluation of the aqueous treatitiatnot make a
difference whether the callus was dipped in the iBDoryzalin solution or if the
callus was left on the media supplemented with gbDoryzalin for 40 days; the
ploidy manipulation and death rate were not significantly differéResults were
similar with the solidified media callus treatment in thadid not make a difference
whether the callus was treated on the media for five days or 40 daliurdle exists
within treating callus tissue; a protocol of forming the cabusl then generating
shoots and roots from the treated callus tissue must be establi3hed.the protocol
is established, callus treatments many serve as a plaatiethod of ploidy

manipulation.

4.3 Conclusion

In conclusion the aqueous shoot treatment produced the greatest number of
polyploid plants compared to any other tested method conducted in thys Sthi
study found that significant difference did exist with the exptesdted; all of the
unstable octaploid that arose from this study originated with ydtered lateral
explants. Time duration was also significant; plants submengedni aqueous
solution of 150uM oryzalin for 12 to 96 hours produced polyploids while explants
dipped in the solution and 6 hour treatment produced no polyploid plants. 60 weeks

after initial treatment there are 9 stable tetraploids.

60



The solidified shoot media produced significantly more tetraploid ntide
controls but no full tetraploids arose from that treatment. Aquedlus ¢eeatment
and solidified media callus treatment produced many chimerik lbat was
unsuccessful at producing a full tetraploid plant. The aqueous aa&aiment had a
significant negative effect on the viability of the callus wtithe solidified media
treatment did not affect callus viability.

These finding advance the scientific field by aiding to the fouowlabf
polyploid induction throughin vitro methods. With a method established for
polyploid induction a protocol can be pioneered for the hybridization dethegploid
and diploid plants. The outcome of this hybrid can yield sterpéotds that alleviate

the threat of invasive plants around the globe.

61



References

Ahokas, H. 1999. Spontaneous tetraploidy in strawb&mngg@aria spp.)Nordic
Journal of Botany19: 227-234.

Alberts, B., D. Bray, J. Lewis, M. Raff, K. Roberts and D. Watson. 19@fecular
Biology of the Cell3¢ edition. Garland Publishing. New York, NY. 925-927.

Ascough, G.D J.V. Standen and J.E. Erwin. 2008. Effectiveness of colchicine and
oryzalin at inducing polyploidy ilVatsonia lepidaN.E. Brown.HortScience.
43(7):2248-2251.

Baatout, S. 1999. Molecular basis to understand polypléidgatology and Cell
Therapy 41:169-170.

Bartels, P.G. and J.L. Hilton. 1973. Comparison of trifluralin, oryzalin, pronamide,
propham, and colchicine treatments on microtubiesticide Biochemistrgnd
Physiology 3:462-472.

Bogart, J.P. and M. Tandy. 1976. Polyploid amphibians: three more diploid -
tetraploid cryptic species of frogScience193:334-335.

Bouvier, L.P., P. Guerif, M. Djulbic, C. Durel, E. Chevreau and Y. Lespinasse. 2002.
Chromosome doubling of pear haploid plants and homozygosity assessment using
isozyme and microsatellite markeEuphytica.123:255-262.

Briggs, D. and S.M. Walters. 199Rlant variation and evolutiar8® edition.
Cambridge University Press. Cambridge, United Kingdom. 312.

Brown, W.P. 1972Textbook of CyotgeneticEhe C.V. Mosby Company, Saint
Louis.

Cassani, J. R. and W.E. Caton. 1986. Efficient production of triploid grass carp
(Ctenopharyngodon ideljautilizing hydrostatic pressur@dquaculture 56:43-50.

Chauvin, J.E., C. Souchet, J.P. Dantec and D. Ellisseche. 2003. Chromosome
doubling of X Solanunspecies by oryzalin: method development and comparison
with spontaneous chromosome doublimgitro. Plant Cell, Tissue and Organ
Culture.73:65-73(9).

Chauvin, J.E., A. Label and M.P. Kermarrec. 20@5:itro chromosome - doubling
in tulip (Tulipa gesneriand..). HortScience BiotechnoB0:693—-698.

62



Cheong, E. and M.R. Pooler. 2003. Micro propagation of Chinese reGeudg
yunnanensisthrough lateral bud breeding and induction of adventitious shoots from
leaf pieceslin Vitro Cellularand Developmental BiologyPlant 39:455-458.

Cordeiro, G.M., G.O. Taylor and R.J. Henry. 2000. Characterisation of microsatellit
markers from Sugarcan8gccharunsp.) a highly polyploid specieBlant Science
155(2) 161-168.

Corey, M.A. 2000Evolution and the problem of natural evNew York: University
Press of America.

Decroocq, V., L. Hagen, M. Fave, J. Eyquard and A. Pierronnet. 2004. Microsatellite
markers in the hexaplofrunus domesticapecies and parentage lineage of three
European plum cultivars using nuclear and chloroplast simple-sequence repeat.
Molecular Breeding13(2): 135-142.

Derman, H. 1940. Colchicine polyploidy technigBetanical Reviews:599-635.
Dirr, M.A. 1998.Manual of woody landscape plani&heir identification, ornamental
characteristics, culture, propagation and usBgdition. Stipes Publishing Co.

Champaign, lllinois.

Dunn, B. L. and J.T. Lindstrom. 2007. Oryzalin-induced chromosome doubling in
Buddlejato facilitate inter-specific hybridizatiofortScience42(6):1326-1328.

Eeckhaut, T.G., S.P. Werbrouck, L.W. Leus, E.J. Van Bockstaele and P.C. Debergh.
2004. Chemically induced polyploidization @8pathiphyllum wallisiRegel through
somatic embryogenesiBlant Cell Tissue Organ Culturg8:241-246.

Eustice, C. and R. Eustice. 2007. Colchicine: 10 things you should Kimut.com

Extension Toxicology NetwqrR006. 24 December 2007.
<http://extoxnet.orst.edu/pips/oryzalin.htm>.

Flow Cytometry. 2009Mosby's Medical Dictionary8th edition.
<http://medicaldictionary.thefreedictionary.com/flow +cytometry>.

Gallardo, M. H., W.J. Bircham, L.R. Honeycutt, R.A. Odeja and N. Kohler. 1999.
Discovery of tetraploidy in a mammaature.401:341.

Grant, V. 1981Plant SpeciationColumbia University Press, New York.
Greve, B G. Valet, A. Humpe, T. Tonn and U. Cassens. 2004. Flow cytometry in

transfusion medicine: development, strategies and applicaticarssflision Medicine
and Hemotherapy31:152-161.

63



Hansen, A.L., A. Gertz, M. Joersbo and S.B. Andersen. 1998. Antimicrotubule
herbicides foin vitro chromosome doubling iBeta vulgarid.. ovule culture,
Euphytica.101:231-237.

Hugdahl, J.D., and L.C. Morejohn. 1993. Rapid and reversible high-affinity binding
of the dinitroaniline herbicide oryzalin to tubulinéa mayd.. Plant Physiology
102:725-740.

Kato, A. and J.A. Birchler. 2006. Induction of tetraploid derivatives of maize inbred
lines by nitrous oxide gas treatmeduurnal of Heredity97:39-44.

Kermani, M.J., V. Sarasan, A.V. Roberts, A. Yokoya, J. Wentworth and V.K. Sieber.
2003. Oryzalin-induced chromosome doublindrimsaand its effects on plant
morphology and pollen viabilityTheory of Applied Genetic$07:1195-1200

Kehr, A.E. 1996. Woody plant polyploidgamerican Nurserymari83:38-47.

Kihara, H. and K. Tsunewaki. 1960. Production of polyploid wheat by nitrous oxide.
Proceedings Japanese Academy ScieB6#6558-663.

Kitamura, S., M. Akutsu and K. Okazaki. 2009. Mechanism of action of nitrous oxide
gas applied to as a polyploidizing agent during meiosis in |Heg.Plant
Reproduction22:9-14.

Lehrer, J. D., M. Band and J. Lubell. 2008. Induction of tetraploidy in
meristematically active seeds of Japanese barli@enpéris thunbergivar.
atropurpureg through exposure to colchicine and oryzatortSciencel19:67-71.

Leitch, 1.J. and M.D. Bennett. 1997. Polyploidy in angiospeiimends In Plant
Science2:470-476.

Levin, D.A. 1983. Polyploidy and novelty in flowering plamsnerican Naturalist
122: 1-25.

Linsmaier, E.M. and F. Skoog. 1965. Organic growth factor requirements of tobacco
tissue culturesPhysiol Plant18: 100-127.

Love, S. L., B. B. Rhodes and P. E. Nugent, 1986. Controlled pollination transfer of a
nuclear male sterile gene from a diploid to a tetraploid watermelorElirghytica.
35, 633—-635.

Masterson, J. 1994. Stomatal size in fossil plants: evidence for polyploidy intgnajori
of angiospermsScience264: 421-423.

McCarthy, E.M. 2008. Macroevolution — The origin of new life forms. Appendix E:
H. J. Muller and Polyploidy. <http://www.macroevolution.net/muller.html>.

64



McGregor, C.E., C.A. Lambert, M.M. Greyling, J.H. Louw and L. Warnich, 2000. A
comparative assessment of DNA fingerprinting techniques (RAPD, ISSER and
SSR) in tetraploid potat&@planum tuberosuin) germplasmEuphytica 113: 135—
144,

Morrissette, N. S., A. Mitra, D. Sept and L.D. Sibley. 2004. Dinitroanilines bind
alpha-tubulin to disrupt microtubuledolecular Biology Cell15: 1960-1968.

Olsen, R. 2006. Utilizing polyploidy for developing improved nursery crops:
restoring fertility in wide hybrids, limiting fertility of invasive sgies, embryo
culture of triploid, pest resistance, and inheritance of ornamental trahg, (
dissertationNorth Carolina State University).

Otto, S.P. and J.Whitton. 2000. Polyploid incidence and evoluionualReview of
Genetics 34:401-437.

Pelletier, P.S. and J.Caventon. 1826im. Phys14:69.

Petersen, K.K., P. Hagberg and K. Kristiansen. 2002. Fiasitro doubling of
Miscanthus sinensi&. Plant Breeding121:445-450.

"-ploid." Merriam-Webster Online Dictionar2009. Merriam-Webster Online. 1 July
2009 <http://www.merriam-webster.com/dictionary/-ploid>.

Poehiman, J.M. and D.A.Sleper. 1985eeding Field Cropslowa State University
Press/Ames, 2edition.

Pryor, R.L. and L.C. Frazier. 1968. Colchicine induced tetraploid azaleas.
HortScience3:282-286.

Rahman, M. 2006. Introduction to flow cytometry. Serotec Ltd. Endeavour House.
Oxford, UK.

Ranney, T.G. 2007. Polyploidy: from evolution to landscape plant improvement.
<http://www.ces.ncsu.edu/fletcher/programs/nursery/metria/méfrenney/polyploi
dy.htm>.

Ranney, T.G. and J.R. Jones. 2008. Understanding Polyploidy: Insight into the
evolution and breeding of azaledfie Azalean31-84.

Sanders, L, J.J. Hoover and K.J. Killgore. 1991. Triploid grass carp as a biological

control of aquatic vegetation. Aquatic plant control research program3291.S.
Army Corps of Engineers Waterways Experiment Station

65



Schuettpelz, E., A.L. Grusz, M.D. Windham and K.M. Pryer. 2008. The utility of
nuclear gap Cp in resolving polyploidy fern origiBystematic Botany3:621-629.

Seddon, W.L. 1997.Mechanisms of temperature acclimation in the channel catfish
Ictalurus punctatuslsozymes and quantitative changéemparative Physiologgnd
Biochemistry118a:813—-820.

Soltis, P.S. and D. E. Soltis. 2000. The role of genetic and genomic attributes in the
success of polyploids. ONAS. 97: 7051-7057.

Southern Agriculture Insecticides Inc.1998. Suffl#nS. Pre-emergent Herbicide
Label Palmetto, FI.

Stapczynski, J.S., R.J. Rothstein , W.A. Gaye and J.T. Niemann. 1981. Colchicine
overdose: report of two cases and review of the literafumeuals Emergency
Medicine 10(7): 364-369.

Stebbins, L. 1971Chromosomal evolution in higher plantsondon: Edward Arnold
Ltd Publisher.

Storchova, Z. and D. Pellman. 2004. From polyploidy to aneuploidy, genome
instability and canceNatureReviewdMolecular Cell Biology 5:45-54.

Suomalainen, E. 1962. Significance of parthenogenesis in the evolution of insects.
Annual Review Entomolog$:349-366.

Tao, R., M. Gao, T. Esumi, Y. Kitamura and A. Yamada. 2009. High frequency
ploidy variation observed in seedlings of a hexaploid persimmon cultivar
‘Fujiwaragosho’ Acta Horticulture 833:131-134.

Tavaud, M., A. Zanetto, J.L. David, F. Laigret, and E. Dirlewanger. 2004. Genetic
relationships between diploid and allotetraploid cherry speBrem(s avium
Prunusx gondouiniiandPrunus cerasysHeredity.93:631-638.

Udall, J and J. Wendel. 2006. Polyploid and crop improveniéet Plant Genome:
Review and Interpretatiosupplement t&€rop Science 1:S3-S14.

Van Tuyl, J., M. B. Meijer and M .P. van Din. 1992. The use of oryzalin as an
alternative for colchicine im vitro chromosome doubling aflium andNerine Acta
Horticulture. 325: 625-630.

Wright, J. W. 1944. Genotypic variation in white adburnal of Forestry42:489-
495.

66



