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ABSTRACT
Anthurium is the most important cut flower in thewai floriculture industry. Conventional
breeding for desirablease life,shapeand color has been the mainstay for keeping growers in
Hawaii competitive in the global markeklo blue anthuriums exist and cannot be made via
conventional breeding sinemthuriums lack the genes to proddegphinidinderived
anthocyanins The objective of this research areto expand our understanding of the
biochemical and histological aspects of flower color that are essential for developing strategies
for breedingconduct transient gene expression in anthurium spathdgp explore genetic

engineering of thenthurium tavonoid pathway for novel color development.

Flower color is influenced by pH, since anthocyanins exist in different forms depending on the
pH of the vacuole A survey of spathe pH in 50 hybrid selections and cultivars revealed that
green spathes hakle highest average pH (6.14), followed by whites (5.96), purples (5.82), pinks
(5.78), corals (5.72), reds (5.46), and oranges (5.B@wer color is influenced bye
distributionand combinations of anthocyaniinsthe floral tissue Anthocyanins wes

distributed in the hypodermis and mesophyll in red, pink, orange and coral anthurium spathes,
with some hybrid selections having very few pigmented cells in the epidermal layer. The spatial
distribution of anthocyaninsasmore expansive in purple anthurium spatlaeslwasobserved

in the adaxial and abaxial epidermis, and in the adaxial and abaxial hypodermis of some
selections/cultivars. White and green spathes lacked anthocyanins; however green spathes
contained substaial amounts of chlorophyll. The pH and spatial distributatacan help to

make informed decisions when using the surveyed anthuiltaars/selectionfor breeding,



since pH can affect color and spatial distribution of anthocyanins can affeertiegved color

intensity.

Since the development of stable transformants with genes for novel flower color is a lengthy
process with low transformation efficiency, we tested agroinfiltrati@diated transient

expression to assess functionality of thedtiral gend- 3 6 Tr@d lthe transcription factors

Delila andRosed in 18 selections/cultivars. The effects of detached and attached spathes, older
and younger spathes, the effect of full spectrum and enhanced LED, and sonication were tested
in addition to agroinfiltration with theolor constructs The transient transformatigesults

obtained were inconsistent and not conclusive for positive transient expressiospsiiece

spathes infiltrated without the color gene or transcription factors developed blue coloration

despite the lack df 3 6 ®ritreinscription factorBelila and Rose4 .

In this study, calli of sevehybrid selections or cultivars were -@ultivated withAgrobacterium
tumefacien®\GLO with one of the following plasmidsith theNPTIl selection gerel)

pJAM1983 with the genE3'5'H from petunia 2) pJAM1889 with the gergelila from

Antirrhinum majus 3) pJAM1463 harboring the geR®seafrom A. majus Of the 372samples

testedvia Polymerase Chain Reaction (PGR)me made by Hawaii Agriculture Research

Center (HARC), others made inthiise s ear c h) , ei ght d&daHAR@GN Seef ur
tested positive for thRPTII antibiotic resistance gene and six of those samples tested positive

forF36506H

Vi
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Chapter 1
INTRODUCTION

Anthuriums were the top ranking cut flowfer the state of Hawaii, with a value of $1.7
million, and with the highest quantity of cut stems sold compared to other cut flowers in Hawaii
(NASS, 2021). Horticultural and nursery products were valued at $81.6 million in 2020, of
which $5.51 million cara from cut flowers and cut lei flowers (NASS, 2021).

Anthuriums are mainly perennial, herbaceous epiphytes with a creefiniing habit.
Spathes are heashaped and often referred to as the floral portibime long structure above the
spathe is knen as the spadiftom which the true flowerare borneThe major colors of
anthurium spathes in the market todagred, orange, pink, white, green, and a few purple
(Kamemoto and Kuehnle, 1996; Gilliam and Hiranaga, 2017). Flower color is known to be
influenced by the type of pigments and their distribution in the tissue, pH, metal complexation,
and cepigmentation. The various colors in anthurium are due to flavonoids known as
anthocyanins Anthocyanidingaglycones or sugdree counterparts of anthocyanins)
responsible for color in floweiacludepelargonidin(orange), cyanidifred-magenta),
delphinidin(purpleblue), peonidn (redmagenta), petunidin (ppie-blue), and malvidin
(purpleblue)

The anthocyanins responsible fbetmajor spathe color of red to pink and orange to
coral in anthurium spathes were identifiecpargonidin 3rutinoside (synonymous with
pelargonidin hamnosylglucoside) and cyanidirr@inoside (synonymous with cyanidin 3
rhamnosylglucoside) (Iwatet al., 1979, 1985)Both pelargonidin 3rutinosideand cyanidin 3
rutinosidewere found in red and pink spathes, while only pelargonidurtiBosidewas found in

orange and coral spatheslarutaniet al. (1987¥oundcyanidin 3rutinoside as a major



arthocyanin and peonidin-&itinoside as a minor anthocyanin in the laverderdAnthurium
amnicolaDressler. White spathes lack anthocyanins (lwata et al., 1985; Li et al., 2013; Clark et
al., 2014). There have been no reports of delphinidin loterted in anthurium.

Anthocyanin production is reliant on the expression of several structural genes for in the
phenylpropanoid pathway. The structural genes flavandna@oxylaseF3H) , f | avanone
hydroxylaseF 3 9 H and f |-lydraxylasefr 8 6 Padebiésponsible for the production
of cyanidin, pelargonidin, and delphinidin respectively (Holton and Cornish, 1995). Gene
expression is controlled at the transcriptional level by a complex of transcription factors
including R2R3myeloblastosigMYB), basic helixloop-helix (bHLH), and WD40 repeat
(WDR) transcription factor families (Quattrocchio et al., 1998; Koes et al., 2005).

Visualization of the spatial location of anthocyanins in spathes is an important tool for the
development of breedly strategies for novel spathe color. Wannakrairoj and Kamemoto (1990)
examined the spatial distribution of pigmented cells of 17 anthurium spé&diesnberger and
Kuehnle(2003 reported on the spatial location of pigmented cells in two species karideg
into looking at 10 anthurium hybrids. A more expansive survey of anthuriums in the different
color groups can give a better understanding of the variation in spatial distribution and the
relationship to color intensity. The relationship of spatHeration to vacuolar pH is another
important aspect for pigmentation in anthurium and was reported in white, green, coral, red, and
orangecolored spathe@vila-Rostant et al., 2010). The study by AviRastant et al(2010) did
not include anthuriums from the breeding program at the University of Hawaii and did not
examine pH in purple colored anthuriums. Looking intosfbedial distribution of anthocyanins

and pH levels of a larger setailtivars/selectionsan felp with breeding strategies for novel



color development by providing histological and biochemical information on potential parent
material.

Blue anthuriums do not currently exdie to the absence of the structural geree6 5 6 H
that is responsible for thgroduction ofdelphinidinderived anthocyaninsGenetic modification
for ectopic expression &f 3 6 Hhas Heen applied to create baored flowers in carnation
(Fukui et al., 2003; Tanaka et al., 1998), rose (Katsumoto et al., 2007), chrysanthemum
(Brugliera et al., 2013; Noda et al., 2013), &iwhlaenopsi®rchid (Liang et al., 2020).
Incorporation of genes for the delphinidin pathway and dii& sequencefor transcription
factors may result in novel bltdaied spathes as was seen in geneticathyneered roses
(Katsumoto et al., 2007).

Anthurium cultivar development by conventional breeding takes4lgears (T. Amore,
personal communication). Furthermore, the development of stable genetically engineered
anthurium plants is a lengthy processhwiery low transformation efficiency, reaching up to 2%
(Zhao et al., 2010; Fitch et al., 2011). Transient expression is an alternative to stable
transformation for observing gene function. Transient expression is the rapid but temporary
expression of a g shortly after DNA delivery to cells of target tissues. No studies have been
reported using agroinfiltration for transient expression of transcription factors or structural genes
in the anthocyanin pathway of anthurium spathes.

The objectives of thistudy were to:

1. Characterize the types of pigments in anthuriums, their histological distribution, and

relationship to pH and how they affect the color of anthurium spathes.



2. Use agroinfiltration to test transient expression of the structurallg@né ridH
transcription factor®elila andRosal to effect transient color change in anthurium

spathes.

3. Stably transformanthurium selections and cultivargth and the structural gene

F 3 6 baddHranscription factof@elila andRosed.



CHAPTER 2

LITERATURE REVIEW

Botany

The family Araceae comprises ovEr8genera and encompassggproximately 3,800
speciegBoyce and Croat, 2013; Ulrich et al., 20H&nriquez et al., 2034 The genus
Anthuriumcomprises over 600 species from Tropical America (Kamemoto, 198&).
distribution of this genus extends from Northern Mexico and the Greater Antilles to Southern
Brazil and Southern Argentina and Paraguay (Croat, ;19885). Anthuriums are mainly
perennial, herbaceous epiphytes with a creeping climbing h&8piathes are heashaped and
often referred to as the floral portion. The long structure above the spathe is known as the spadix
from which the true flowers are bortneeavesave a leatherekture,areovatesagittate with a
deeply cordate base, and attached to long petioleBdwn, 2000.

The besknownspecieswvithin the genugmore specifically in the sectidbalomystriun
is Anthurium andraeanurhinden ex André, discovered in Columbia and Ecuador by Eduard
André in 187 (Bown, 2000. Inits natural stateA. andraeanunis epiphytic and can be found
in mountain forests at elevations82 m @400 f). In its natural habitat, the spathes of this
species are angered and blisteredMany cultivated anthuriums are identifiedfAs
andraeanunbut differ in appearance from the species. The spathes may be smooth or blistered
to varying degrees and are available in a wide range of colors (Kamemoto, 1988).

A. andiaeanumwas introducedo Hawaii from London in 1889 by S.M. Damandit
was described as having a spathe with ghiak color (Neal, 1965). Plants grown on the Damon

estatesn Moanalua were slowly distributed to other growers via vegetative propagation. In the



late 1930s and 1940growers in Hawalii learned to propagatéhamium by seed, leading not

only to increased cultivation but also to increased variation (Kamemoto, 1981). The assortment
available today reswdtl fromcrosses betweeh. andraeanuncultivars as well as crosses

betweenA. andraeanunand other specie&a@memoto and Kuehnle, 1996

Economicimportance

Anthuriums are produced and sold internationally as cut flowers, potted flowering
ornamentals, and landscape plants (Nowbuth et al., 2005; Teixeira da Silva et al.,T2@1to)p
four producers of anthurium cut flowers worldwide are Holland, Hawaii, Mauritius, and Jamaica,
followed by smaller producers in tropical regions such as the Philippines, Brazil, Malaysia,
Martinique, and Thailand (Deardorff, 1991; Shehata, 198y wai i 6 s fl ori cul tur e
valued at$81.6 million in 2020 (NASS, 20211 Cut flowersand cut lei flowesales were valued
at$551 million with anthuriums ranking as the top selleat7 million.

Anthuriums became part of tieventory of flower shops in Hawaii during the 1940s. A
cut flower industry developed initially from hobbyists to small back yard growers to the large
scale business operations of today (Kamemoto, 1981). Although yielat &&smillion dozen
flowers in1980, supply was insufficient to meet demand (Kamemoto, 1981).

The anthurium research program initiated in Hawaii in 1950 by Dr. Haruyuki Kamemoto,
led to the development of a breeding program for the commercial development and release of
anthuriums to pwers (Kamemoto and Kuehnle, 1996). Subsequent development of anthurium
for the cut flower industry by breeders in the Netherlands has led to the availability of an
assortment of varieties, with red and orange having most importance followed by atner col

such as salmon, cherry, and pink (Van Uffelen, 1996).



Flavonoids andflower color
Carotenoids, flavonoids and betalains are the major pigments that contribute to flower
color. Flavonoids are phenylpropanoid compounds that occur in higher ptartgsecally
derived from flavan or-phenytbenzopyran, and are classified according to the level of
oxidation of the central pyran ringléarborne, 1973; Schwinn and Davies, 2004
Anthocyanins are water soluble flavonoids that are generally locatied wracuole and
are involved in almost all pink, red, orange, scarlet, purple, blue, andlaiciecolors (Davies,
2009). Anthocyanidins are the base pigments consisting etarbbn structure of two
aromatic rings (the Aand Brings) joined by ahird ring (the Cring) (Davies, 2008). The
anthocyanidins are subsequently glycosylated to form the various anthocyanins while the degree
of hydroxylation of the B ring is crucial for color variation. Modification of the core
anthocyanidin structure oarcs through hydroxylation, acylation, and methylation. Three major
anthocyanidins include pelargdim (orange), cyanidin (rethagenta), and delphinidin (purple
blue) which differ only by the number of hydroxyl groups attached to the B ring. Other common
anthocyanins include peonidin (reehgenta), petunidin (purpldue), and malvidin (purpie
blue) which contain at least one methoxyl group in the B ring (Harborne, 1967).
Co-pigmentation is the interaction of anthocyanins with each ¢fledfrassociatia),
with phenolic compounds such as flavones or flavo(intermolecular cgpigmentation), when
acylated anthocyanins interact with each other (intramolecupigoeentation), or through
metal complexation (epigmentation via chelation with metals) (Re2005) (Figure 2.1).
When cepigmentation occurs a bathochromatic shift is observed, where the visible absorption
maximum increases or shifts to become longer, making the pigment appear bluer, even if the co

pigment is uncolored (Robinson and Robinsk#81; Asen et al., 1972; Zhang et al., 2014).



Torenia plantsTorenia fournieriLind.) transformed with the antisense dihydroflave#ol
reductasedFR) genehadan accumulation of flavones which served agigments causing
flowers to appear bluer (Aidat al., 2000). Fukui et al. (2BDconcluded that one of the reasons
for the ble hue of transgenic carnations expressingRt® 6 § d H a v o rhpdroxlylasg)o 5 6
gene was the strong-ggmentation of delphinidin with the flavonoid apigenkC&ylucosyt7-
O-glucoside6 -@nalyl ester.

Anthocyanins exist in different forms depending on the pH of the solution (Glover and
Martin, 2012). The red flavylium cation exists at pH values below 2 and is fairly stable.
Hydroxylation of the flavylium cationccurs between pH 3 to 6 forming the colorlestbinol
pseudobas@rigure 2.2) Conversion of anthocyanins to the neutral quinonoidal bases occurs at
higher pH resulting in violet and purple coldigure 2.2) Flowers with the same anthocyanins
can have a color change with different levels of pH, as sehataenopsigig Chili, where the
anthocyanins shifted toward a red hue in acidic conditions and a blue hue in basic conditions
Liang et al., 2020) (Figure.2). Aromatic and aliphatic glycosylation and acylation affect the
stability of different anthocyanins at different pHs, ultimately affecting the color of different
plant tissue. The change in pH appears to be the major factor in the color changegf agi
flowers (Asen et al., 1971Bluing of senescing red anthurium spathes was attributad to
increase in pHby the release atmmonium ion and phenol concentration (Paull et al., 1985).
other studies looking at pH in different colored anthuriuwsla-Rostant et al. (2010) found
thatspathe color was associated with vacuolar wkh the whites and greeimgaving the highest
pH (average 5.65) followed by corals (5.38), pinks (5.20), reds (5.10prandes (4.5).

Anthocyanins are coordinately prashad by plants via enzymes under the regulation of

transcription factors. Transcription factors are proteins that repress or activate structural genes



for the production of the enzymes responsible for the formation of intermediates and products in
the flawonoid biosynthetic pathwayTwo examples of transcription factor families that regulate
anthocyanin synthesis in the flavonoid biosynthetic pathway are MYB anchblséoop-helix
(bHLH). In antirrhinum, the anthocyanin biosynthetic genes are sepanabdtie early
biosynthetic genes (EBGs) and the late biosynthetic genes (LBGs) (Martin et al., TA81).
EBGs in antirrhinum consist of chalcone synth@3dS and chalcone isomerasgHl) and the
remainder of the anthocyanin biosynthetic genglkerpathway, onwards from flavonone 3
hydroxylase F3H), are the LBGsNlartin et al., 1991) (Figure 2.4).
Pigments inAnthurium

Iwata et al. (19791985) identified pelargonidin-Bhamnosylglucoside and cyanidin 3
rhamnosylglucoside as the anthocyanins responsible for the major spathe color of red to pink and
orange to coral in anthurium spathes. Both pelargonidiraBinosylglucoside and cyanidin 3
rhamnosylglucoside were found in red and pink spatklesde only pelargonidin 3
rhamnosylglucoside was found in orange and coral spathes. Marutani et al.id&88%ed
cyanidin 3rutinoside as a major anthocyanin and peonidintioside as a min@anthocyanin
in the lavendehuedAnthurium amnicola

Kamemoto et al. (1988) indicated two major gellemndO as major determinants of the
major anthurium spathe colors. CyanidinuBnoside was controlled by tivé gene and
pelargonidin Zrutinoside wa controlled by th® gene. The recessiw®is epistatic taVl. The
genotype for red and pink spathed/i€O-, for orange and coral spathes are mpadd white
spathes aréoo. Color intensity is determined by dosage ofithandO alleles Wannakrairp
and Kamemoto (1990) proposed that a recessive gllaledifies the color of anthocyanins

controlled by theM andO loci. If the genotype iM-O-pp, the spathe is purple. If the genotype



is M-O-P- the spathe is red, and if itnsmOR the spathe color is orange. No effect ofphe
allele was seen diroo (white) genotypes.

Collette et al. (2004) examined the temporal and spatial expression of some the structural
genes for anthocyanin biosyntheaisl suggested th@HS F3H, andANSwere controlled by a
different mechanism frol@FR. Elibox and Umeharan (2008) did later research on the
inheritance of major spathe colors in anthurium and indiddtgd, andR as the three major
genes. In 77 crossénvolving 59 parental genotypes, the ratio of colored to white progeny did
not fit the proposed genetic model of Kamemoto et al. (1988), but instead fit a duplicate
recessive epistasis model involving thendR genes in which the recessive forms wordgult
in progeny with white spathes. The ratio of red to orange was in agreement with Kamemoto et
al. (1988), and was determined by Meene. The differentiation of reds from pinks and
oranges from corals was due to the dosage effect & gjeme.

Elibox and Umeharan (2008) proposed fBandR determined whether anthocyanins
were produced, and thist determined whether pelargonidin or cyanidin was produced.RThe
gene was proposed to regul@eS, F3H, and ANSheO gene regulate®FR, and theM gene
regulated= 3 & Hurther research on spathe color inheritance (Gopaulchan et al., 2014) showed
that theR gene ceregulated the expression 68H andANSbut notCHS theO gene regulated
the expression dPFR, and thatM was the plausible candidate that reguldiegl 6 Hater
studies by Gopaulchan et al. (2015) indicated that red spathe anthuriums accumulated
anthocyanin throughout development, while pinks spathes either produced anthocyanin early in
development (whichetreased during spathe maturation), or produced anthocyanins later during
development. The earlier and the higher the expressiBrBoédtting spathe development, the

greater the amount of anthocyanin in the spathe. Furthermore, reduced transcsiptf le\&216 H
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and diminished levels ¢f3H, ANS andDFR proteins in pink cultivars may account for the
reduced carbon flux through the flavonoid pathway.
Genetictransformation for novel color

Several plant species have undergone metabotilmeering of the flavonoid pathway for
novel anthocyanin productidifable 2.1) A gene from maize introduced into petunia changed
the flower color from pink to bricked, and was the first successful report of genetic
modification for novel color (Meyeet al., 1987). Th®FR (dihydroflavonol 4reductase)
enzyme in petunia naturally cannot produsecbpelargonidinthe precursor to pelargonidin
(Forkmann and Ruhnau, 1987), but transformation of plants withfRfrom maize allowed
for pelargonidin poduction. The first commercially introduced transgenic flower was
Moondust 2, a mauvecolored carnation expressifig3 6 HddBFR genes from petunia and
launched by Florigene in 1996 (Mol et al., 1999; Tanaka et al., 2009). The darkecwoioted
camation Moonshadoff was transformed with a panky3 6 Fénéland a petunRFR-A gene
and introduced in 1998 (Mol et al., 1999; Tanaka et al., 2009). The same gene combinations
were used to create other car nat?, Moosshaddf, t he i
Moonlite? 2, and Moonaquel (Tanaka et al., 2009). The rose flavonoid pathway was
engineered to express a vidlaB3 6 Hénélas well as an iM3FR gene while downregulating the
endogenous rodeFR gene(Katsumoto et al., 2007)These modifications resulted in
transformed roses with blue hues due to accumulated delphinidin in the petals. Furthermore,
Tanaka et al. (2009) also transformed roses with Wiakad Grdd lTorenia5AT genefor 5-
aromatic acytransferase for acylation of anthocyanins. Roses expressing the S
adenosy!l met hi on i-Qineethyltransferdse genpadd3 NS njBMN|Grdia

hybridaand a pansi 3 6 bpéo#liced methylated anthocyanins based upon malvidin, petunidin,
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and peoniah. Theresulting transgenic roséadmore brilliant magenta color than roses
transformedvith only F 3 6 Shatldccumulated delphinidin aloffdakamura et al., 2015). The
phalaenopsis flavonoid pathway was modified to exgfe8sd Srantdayflower(Commelina
communid..) resulting in bluenued flowers (Mij 2012). Tomato transformed with the
transcription factor®elila andRosed from snapdrgon accumulated high levels of

anthocyanins comparable to anthocyanin levels found in blackberries and blueberries (Butelli et
al., 2008).

In nature the color palette of anthuriums is limited to expression of the flavonoids
cyanidin, pelargonidin, and peidin (Iwataet al, 1979; 1985; Marutarat al, 1987). The
delphinidin pathway responsible for blue pigmentation isexigtent in anthurium. The
specific enzyme that catalyzes the initial steps towards delphinigi3i® 5 Thélintroduction
of the delphinidin pathway into anthurium will provide the patdrib develop blue anthuriums
which are not currently availablédf a true blue cannot be attained, given the unknown
interactions of an exogenous gene in the anthurium flavonoid pathway, a range chperple
anthuriums may be expected as seen in ¢éveldpment of transgenic carnation and rose.

Transcription factors are regulatory proteins that coordinate the production of
anthocyanins by activating or repressihgeffect over structural genes in the biosynthetic
pathway. Constituents of three piatéamilies, R2ZR3VYB transcription factorspHLH
transcription factors,andlD Repeat Proteins (WDR) work 1in
complex that controls anthocyanin production (Zhang et al., 2014). The WDR proteins are
thought tainteract directly with bHLH proteins and provide a stabilizing function. The bHLH
proteins interact with the MYB proteins for anthocyanin synthesis as welhetson

independently for the development of plant structures like trichomes and radZmaing et al.,
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2003). The MYB transcription factors determine the amount of anthocyanin produced. Flower
color intensity and pattern are usually attributed to the expression of MYB transcription factors
(Zhang et al., 2003)The combined expression of temmiption factordelila andRoal in
transformed tomato increased overall anthocyanin produ@iatelli et al., 2008) Delila is a
bHLH geneandRogal is an R2ZR3VIYB gene.
Transient expression

Stable transformation of anthurium has been reported but generation of transgenic lines
takes months tattain while generation of transgenic plants takes years (Chen et al., 1997; Chen
and Kuehnle, 1996; Fitch et al., 201T)ansientexpression experinms provide a rapid
alternative to stable transformation for evaluation of transgene function. Methods of transient
expression experimenitsclude microprojectile particle bombardmefgrobacterium
tumefaciensmediated transformation of leaves, and pptast transfection (Pitzschke and
Persak, 2012). Particle bombardment can cause tissue damage, making color observation from
transgene activity difficult to examine. Transierpression through protoplast transformation
can be observed 16 to 48 houreafransformatioriPitzschke and Persak, 20E?)din at least
three days with agrobacterium infiltration of leaves (Pinthong et al., 20tdhsient assessment
of anthurium via spathe agroinfiltration for the expression of exogenous structural and

trarscription factor genes in the anthurium flavonoid pathway has yet to be reported.
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Figure 2.1. Mechanisms of anthocyanin-@igmentation: Self association of anthocyanins with
each other; intermolecular ggmentation of anthocyaningth phenolic compounds such as
flavones or flavonols, intramolecular-pogmentation of acylated anthocyanins with each other,

and metal complexatioffdapted from Rein, 2005).
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(pH <3)

anionic quinoidal base
(pH >7)

Figure 2.2. Chemical and color modifications of anthocyarassaffected by pH value
environments.The red flavylium cation exists at pH values below 2. Hydroxylation of the
flavylium cation occurs between pH 3 to 6 forming the colorless carbinol pseudobase.
Conversion of anthocyanins to the neutral quinondddaks occurs at higher pH resulting in

violet and purple colorAdapted from Nistor et al., 2022).
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Figure 2.3. Anthocyanin extract from flowers éfthalaenopsi8ig Chili at different pH values
The anthocyanins shifted toward a red hue in acdiditions and a blue hue in basic
conditions. (Adapted from Liang et al., 2020).
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Phenylpropanoid pathway
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Table 2.1. Examples of genetically emgered crops for color.

Target Plant GeneUsed Reference
Petunia Maize DFR Meyer et al., 1987; Forkman
and Ruhnau, 1987

Carnation PetuniaDFRandF 3 6 5 ¢ Mol et al., 1999; Tanaka et

Moondust 2 al., 2009

Carnation PansyF 3 6 56 H Mol et al., 1999; Tanaka et

MoonshadoW % Moonvist€ 3,  PetuniaDFR-A al., 2009

Moonshad&?, Moonlite? 2, and

Moonaqué ?

Rose ViolaF 36506 H Katsumoto et al., 2007
Iris DFR

Rose ViolaF 36 506 H Tanaka et al., 2009
ToreniabAT

Rose ToreniaA 3 Nj5 NJOMT Nakamura et al., 2015
PansyF 36506 H

Phalaenopsis DayflowerF 3 6 5 6 H Mii, 2012

Tomato Snapdragoel andRos1 Butelli et al., 2008
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Chapter 3

PIGMENT DISTRIBUTION AND pH IN ANTHURIUM SPATHES

ABSTRACT

Spathes o&nthuriums were examined to determine pH and pigment distribution to elucidate
their roles in determining colorA total of 50 cultivars and hybrgkedlingselections were
surveyedor spathe pHvith greens having the highest average pH (6.14), folldvwyedhites

(5.96), purples (5.82), pinks (5.78), corals (5.72), reds (5.46), and oranges fm#i)cyanins
were distributed in the hypodermis and mesophyll in red, pink, orange and coral anthurium
spathes, with some hybrid selections having very femeiged cells in the epidermal layer.
White and green spathes lacked anthocyanins; however green spathes contained substantial
amounts of chlorophyll. Among the hybrid selections in the purple group, reuigigle

pigments were observed in the adaxial abaxial epidermis, while reddish pigments were
observed in the adaxial and abaxial hypodermis of some of the spathes in the purple gi©up. T

spatial distribution of pigmented cellssobservedn both lighter and darker purple spathes.

INTRODUCTION
Hawaii 6s horticultural and nursery product
million came from cut flowers and cut lei flowers (NASS, 2021). Anthuriums ranked as the top
cut flower in the state of Hawaii with a value of $1.7 million. The mapbors of anthurium in
the market today consist of red, orange, pink, white, green, and a few purple (Kamemoto and

Kuehnle, 1996; Gilliam and Hiranaga, 2017)
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Flower color is influenced by the type of pigments and their distribution in the tissue, pH,
metal complexation, and qugmentation. The various colors in anthurium are due to flavonoids
known as anthocyaningAnthocyanins are water soluble flavonoitiattare generally located in
the vacuole and are involved in almost all pink, red, orange, scarlet, purple, blue, ablddkue
colors (Davies, 2009). Anthocyanidins are the base pigments consisting-ofebds structure
of two aromatic rings (the Ama B rings) joined by a third ring (thet@hg) (Davies, 2008). The
anthocyanidins are subsequently glycosgldteform the various anthocyias, while the degree
of hydroxylation of the B ring is crucial for color variation. Modification of the core
arthocyanidin structure occurs through hydroxylation, acylation, and methylation. Three major
anthocyanidins includpeelargonidin(orange), cyanidifredmagenta), and delphinid{purple
blue) which differ only by the number of hydroxyl groups attachdded rng. Other common
anthocyaningnclude peonidi (redmagenta), petunidin (pple-blue), and malvidin (purpie
blue) which contain at least one methoxyl group in the B ring (Harborne, 1967).

Anthocyanins exist in different forms depending on the pthe solution (Glover and
Martin, 2012) The red flavum catioaxistsat pH values below 2 ansfairly stable.

Hydroxylation of the flavum cation occurs between pH 3 to 6 forming the colorless carbinol
pseudobase. Conversion of anthocyanins to thalejuinoidal bases occurs at higher pH
resulting in violet and purple colors. Aromatic and aliphatic glycosylation and acylation affect
the stability of different anthocyanins at different pilues, ultimately affecting the color of
different plant tssue.

Iwata et al., (1979, 1985) identifigetlargonidin 3rutinoside (pelargonidin-3
rhamnosylglucosidegndcyanidin 3rutinoside (cyanidin 3hamnosylglucosidegs the

anthocyanins responsible for the major spathe color of red to pink and oranga! ia c
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Anthurium andraeanumBothpelargonidin 3rutinosideand cyanidin dutinosidewere found in
red and pink spathes, while only pelargonidiruBnosidewas found in orange and coral
spathes.Marutaniet al. (1987) determined cyaniddrutinoside as a major anthocyanin and
peonidin 3rutinoside as a minor anthocyanin in the laveddexdAnthurium amnicoldressler
Later studies identifiedeonidin 3rutinosidein addition tocyanidin 3rutinosideand
pelargonidin Zutinosidein thered, pink, pale pink, purple, and brown spatftéark et al.,
2014 Li et al., 2013)

Spatial location of anthocyanins in anthurium species and some hybrids has been
previously reported (Wannakrairoj, 19%hrenberger and Kuehnle, 20G& well as the
relationship of spathe coloration and its relationship to vacuolar pH in white, green, coral, red,
and orangeolored spathefvila-Rostant et al., 2010).

This study characterizes the types of pigments in anthuriums, their histological
distribution, and relationship to pH and how they affect the color of anthurium spathes, and it

expands further into examining purgelored spathes.

MATERIALS AND METHODS
Plant material
Anthurium spathes representing a range of colors were obtaimegFfamts maintained
at the University of Hawaii at Manoa. Spathes were selected two to three weeks after unfurling,
corresponding to local industry harvest times for anthurium cut flowers.
Spathe pH
Spathes of cultivars, accessions or seedling seledtimmsthe University of Hawaii

anthurium breeding program were classified into major color groups. Spathe color was
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determined using the Royal Horticultural Society Colour Chart (RHSCC) (Royal Horticultural
Society, 2007) on whole spathes under naturht.li he pH measurements were taken by

cutting 0.5 g of fresh tissue into strips and macerating on a spot plate with 0.5 mL of autoclaved
distilled water. The pH readings were measured with an Acumet pH meter (model 15; Denver
Instrument Company; Arvad&0) with an Orion combination micro pH electrode (model
8220BNWP; Thermo Scientific; Waltham, MA) after one minute. Five (x2) samples were taken
from each spathe depending on spathe size. Sample tissues were taken from the left and right
lobes, the cendit left and right side (excluding the main vein), and the central narrow area

toward the apex of the spathe (Figure 3.1). The pH value of each spathe was the mean of the five

(x2) samples. A minimum of two spathes were examined per anthurium hybrid.

Spatial localization ofanthocyanins inanthurium spathes
Spathe cross sections were prepared as in Ehrenberger and Kuehnle (2003) and Mudalige
et al. (2003). Spathe sections were cut into 1 mietes and placed in a sidearm flask containing
20 mL ofa 0.25% w/v polyethylene glycol (PEG, M.W. 3350) solution and one drop of Tween
20. Sections were infiltrated under buildingvacugm 6 00 mm Hg) for appr oxi
minutes until tissues appeanadter soaked. Cross sections {0.2 mm) were cut using a sharp
razor blade and mounted with 0.25% PEG solution on glass microscope slides. Tissues were
examined using keitz microscope (Leitz Wetzler, Mod. No. 567119, Germany) and
photographed withraeAmscope digital camera (Mod. No. MU1803, Irvine, CA).
Anthocyanidin identification
Extraction
The methods for anthocyanidin identification were adapted from previous work on

flavonoid analysis of purple pitangBygenia uniflora..) (Wheeler, 2013) For each spathe,
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approximately 1.5 g of tissue was ground into a fine powder with liquid nitrogen.

Approximately 1.0 g of pulverized tissue was placed into a 20 mL scintillation vial and 10 mL of
acidic methanol solution (96% metlen3% formic acid, 1% toluene) was added, vortexed for

30 sec, sonicated in an ice bath for 20 min, then allowed to settle on ice for 5 min before
pipetting the supernatant into a 50 mL Falcon tube (Corning Inc., Tewksbury, MA). The addition
of acidic melhanol, vortexing, sonication, and collection of supernatant was repeated two more
times, yielding approximately 30 mL of extract. Subsequently, the extract was centrifuged at
4000 rpm for 15 min at 4eC, the swhgepernat ant
(Environmental Express, Charleston, South Carolina) and air dried with compressed air
overnight.

Prepurification

The extract was prpurified with a hexangvater partition to remove lipophilic

compounds. The dried extract was resolubilized in Shesane and 10 mL distilled water. The

w

mi xture was vortexed, sonicated, then centrif

agueous layer contained the flavonoids and was pipetted to a new 50 ml Falcon tube. The upper

hexane layer containing th@diphilic compounds was discarded. The addition of 5 mL hexane

to the aqueous extract, vortexing, sonication, centrifugation, and transfer of the aqueous layer to
a new 50 mL Falcon tube was repeated twice. The aqueous extract containing flavonoids was
air-dried for at least 30 min to remove residual hexane. The extract was brought up to a 30 mL
volume with distilled water and loaded onto two Sk C18 silica cartridges (Part No.

51910, Waters, Milford, MA) attached in tandem, and preconditioned uBing_lethyl acetate,

10 mL MeOH, and 10 mL 0.01 N HCI. After loading the extract into the cartridges, 6 mL 0.01 N

HCI was passed through the cartridges to remove free sugars. The cartridges were dried for 30
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min by attaching directly to a streami gas. After drying, flavonoids other than anthocyanins
were eluted by passing 6 mL ethyl acetate through the cartridges. Anthocyanins are insoluble in
ethyl acetate and remain bound to the solid phase. The anthocyanins were subsequently eluted
into 20 mL scintiation vials using 0.1% v/v MeOH/ HCI. All solvents were passed through the
cartridges at the recommended flow rate of 1 mL per min. The eluted anthocyanins were air
dried overnight with compressed air.
Hydrolysis

To simplify flavonoididentification, acid hydrolysis was used to remove sugars from the
anthocyanins and convert them to their anthocyanidin aglycones, allowing for complete
separation and accurate identification with external standards (Zhang et al., 2004) -dFiegl air
extract was hydrolyzed at 95°C in 2 mL of 1.2 M HCI 50% v/v aq. MeOH for 90 min in a glass
reaction vial (Thermo Fisher Scientific, Waltham, MA) wrapped in foil and heated on a dry heat
block. Subsequently, the solution was placed on ice to cool down toteoqgperature,
transferred to 20 mL scintillation vials, neutralized to pH 7 with 1.2 M NaOH, and air dried
overnight with compressed air.

Sample Preparation

Samples were prepared for HPLC by resdiging the air dried sample ibmL 10%
formic acidand1 mL 1.2 M HCL 50% v/v aqueous MeOHAfter the sample was completely
dissolved, 1 mL of the solution was transferred to a 1.5 mL microcentrifuge tube and centrifuged
at 14,000 rpm for 2 min. Subsequently, 0.5 mL of the supernatant was transferred to a new
microcentrifuge tube and centrifuged at 14,000 rpm for two min. The 0.4 mL of supernatant was
transferred to a 0.5 mL microcentrifuge tube, centrifuged at 14,000 rpm for 20 min, and used for

HPLC analysis.
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Anthocyanidin Standards

Stock solutions of thanthocyanidin standards pelargonidin chloride, cyanidin chloride,
delphinidin chloride, peonidin chloride, and malvidin chloride (Extrasynthese, Lyon, France)
were prepared at a concentration of 1.0 mg/mL by dissolving in HPLC grade MeOH, and stored
at-80°C. To prepare standards for HPLC, equal volumes of anthocyanidin stock solutions were
combined, dried in a rotary evaporator, and dissolvedliri solution of..2M HCI/50% MeOH
:10% Formic Acid(as was done in the preparation of sample extracts).

HPLC Analysis

Chromatographic separation was carried out on a high performance liquid
chromatographer (HPLC) Waters 2695 (Waters Corp., Milford, MA) equipped with a Waters
996 Photo Diode Array autosampler (Waters Corp., Milford, MA). The column used was
XBridge™ PEPTIDE XBC18 column (3.5 um particle size, 130 A pore size, 2.1 mm x 20 mm)
attached t@n XBridge™ BEH C18 VanGuard Cartridg®.5 umparticle size 130Apore size
2.1 mmx 5 mm) column guardWaters Corp, Milford, MA) Injection volume was 10 uL of
sample which was loaded and injected by the autosampler. Samples were eluted with a gradient
mobile phase consisting of A (10% v/v formic acid in water) and B (100% MeOH) at a constant
flow rate of 0.6 mL/min. The gradiefor analysis of anthocyanins was programmed fi®%

B from O to 1 min, 10% to 25% B from 1 min to 5 min, 25% B from 5 min to 12.5 min, 25% to
10% B from 12.5 to 14.5 min. Conditions were then equilibrated to initial solvent conditions
with 10% B from 3.5 to 19.5 minUV-Vis absorbance spectra were monitored from 200 to 600

nm and the peak area was analyzed at 520 nm.
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RESULTS
Spathe pH

Fifty commercial cultivars ankybrid selectionswere evaluated for spathe flHable
3.1). There were differences pH between the various color groups with green spathes having
the highest average pH (6.14), followed by white (5.96), purple (5.82), pink (5.78), coral (5.72),
red (5.46), and orange (5.40). DifferengepH of varieties within each color categomere
observedvith the following rangespurple 5.20 to 6.30; greer®.07 to 6.25; white5.67 to
6.13;pink, 5.38 to 6.10; corab.20 to 6.05; orang®.12 to 5.70; and re&.35 to 560.
Spatial localization of anthocyanins in anthurium spathes

Analysis of the cross sections of anthurium spathes in the different color groups showed
that the spathes had flattened adaxial and abaxial epidermal cells. The cells in the adaxial and
abaxial hypodermis as well as the mesophyll were more rounded dpdiféiorm in shape.
Location of pigmented cells varied in the epidermal, hypodermal, and mesophilic regions
depending on the specific cultivar or selection (Table 3.2 and Figures 3.2 to 3.6).

Some spathes in the purple color group had pigments in senmetaall of the layers,
while others had pigments distributed throughout all layers in varying degrees (Table 3.2 and
Figure 3.2). UH2198, o6Utah, 6 O0ARCS, 6 and OLa
greater pigmentation in the adaxial and abaqédermis (ratings of 4 or 5 in Table 3.2) and
hypodermis (majority ratings of 5 in Table 3.2 except for a rating of 3 for the abaxial hypodermis
of UH2198), as well as in the mesophyll (ratings of 3 or 4 in Table 3.2) compared to the other
purple spathe e x ami ned. UH2555, O60ARCS Hawaii,®6 and
greater pigmentation in the adaxial and abaxial epidermis (ratings of 5 in Table 3.2) and

hypodermis (ratings of 4 or 5 in Table 3.2) but had moderate pigmentation in the mesophyl
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(ratings of 3 in Table 3.2). UH2557 (Figure 3.2 J) and UH 2569 (Figure 3.2 M) had greater
pigmentation in the adaxial and abaxial epidermis and hypodermis (ratings of 3 or 4 in Table 3.2)

but few to moderate pigmented cells in the mesophyll (ratingof3 in Table 3.2). Majority

of the abaxial epidermal and abaxial and adaxial hypodermal cells (ratings of 4 to 5 in Table 3.2)

in UH2565were pigmented (Figure 3.2B) with a moderate number of pigmented cells in the

adaxial epidermis and mesophyll (regs of 3 in Table 3.2)Selection UH2578 (Figure 3.2C)

had no pigmentation in the adaxial or abaxial epidermis (ratings of 0 in Table 3.2), had greater
pigmentation in the adaxial and abaxial hypodermis (rating of 4 to 5 in Table 3.2) and few

pigmented cks in the mesophyll (rating of 2 in Table 3.2). Selection-IQ%igure 3.2 D) had

greater pigmentation in the adaxial hypodermis (rating of 5 in Table 3.2) and a few pigmented

cells in the mesophyll (rating of 2 in Table 3.2) with no pigmented celleiabaxial epidermis

and abaxial hypodermis (ratings of 0 in Table 3.2). There was no major variation in the color of
the pigments within the spathes of UH2198 and
mixture of reddiskpurple and reddish pigments svabserved mainly in the adaxial hypodermis

of UH2578,7051, &6 ARCS, 6 OARCS Hawaii,®6 and OReginab
purple pigments were observed in the abaxial and adaxial epidermis, while reddish pigments

were observed inthe abaxain d adaxi al hypodermis of UH2555,
and 6Reginadé (Figures 3.2 A, E, J, K, L) . Al
arrangements of pigments in the adaxial and abaxial epidermis and hypodermis, they differed in
thatUH 2555 had eddi sh pigments in the nparpleggmentsli , whi
(Figures 3.2 A and E). In contrast, UH2569 had very light pink pigments in the adaxial and

abaxial epidermis but deeper red pigments in the adaxial and abaxial hypodermis3Riduye

Generally, the pigments in the mesophyll of varieties in the purple group were lighter in color in
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comparison to pigments either in the epidermis or hypodermis. Pigments in the adaxial side of
the spathe were darker than pigments in the abadmafer UH2565, UH2578, 705, UH2557,
0Regina, 6 and UH2569 (Figures 3.2 B, C, D, J,
pigmented cells than the abaxial side for UH2578;¥708H2198, UH2557, and UH530
(Figures 3.2 C, D, F, J, K).

UH2071 (Figure 3 A) had pigmented cells mainly in the adaxial and abaxial
hypodermis (ratings of 5 in Table 3.2), with a few pigmented cells in the mesophyll (rating of 2
in Table 3.2) and abaxial epidermis (rating of 1 in Table 3.2). Also very notable was the
presencef chlorophyll in the mesophyll of UH2071 (Figure 3.3 A). The adaxial and abaxial
hypodermis of o6Kalapana, 6 6New Pahoa Red, 6 an
consisted of pigmented cells (ratings of 5 in Table 3.2). All three cultivars mahsisfew to
very few pigmented cells in the mesophyl |l (ra
ONew Pahoa Redd had very few to pigmented cel
3.2). The pigments within red spathe anthuriuvese all red with no major color variation
within each spathe (Figures 3.3 A,B,C,D)

Spatial location of pigmented cells varied within the pink group (Table 3.2 and Figures
3.3 E to J). 6Marian Seefurthoé ( RAliagabadal 3. 3 E
hypodermis (ratings of 5 in Table 3.2). O New
Seefurthd (Figure 3.3 E), having pigmented ce
of 4 in Table 3.2), but differed by having very few pggmed cells in the adaxial and abaxial
epidermis (ratings of 1 in Table 3.2). Selection-48gFigure 3.3 1) had greater pigmentation in
the adaxial hypodermis (rating of 5 in Table 3.2), very few pigmented cells in the mesophyll

(rating of 1 in Table 2), and a moderate number of pigmented cells in the abaxial hypodermis
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(rating of 3 in Table 3.2). Selection A494 (Figure 3.3 G) had pigmented cells mainly in the
adaxial and abaxial hypodermis (ratings of 4 to 5 in Table 3.2) with a few pigmented tedis
mesophyll and adaxi al and abaxi al epider mi s (
3.3 H) had no pigmentation in the adaxial or abaxial epidermis (ratings of 0 in Table 3.2), had
greater pigmentation in the adaxial and abaxial hypoe(ratings of 4 in Table 3.2), and few
pigmented cells in the mesophyll (rating of 2 in Table 3.2). UH2265 (Figure 3.3 J) had moderate
numbers of pigmented cells in the mesophyll and abaxial hypodermis (ratings of 3 in Table 3.2)
but none in the adaxiypodermis and adaxial and abaxial epidermis (ratings of O in Table 3.2).
There was no major variation in the color of
mixture of redpurple and red pigments was observed mainly in the adaxial hypodermis of
Mi sty Pinkd (Figure 3.3 H). Pigments in the
pigments in the abaxial side for -4Waguesadad Seef
E, G, H, I). The adaxial side contained more pigment cell than thgiabside for anthurium A
494 (Figure 3.3 G).

Except for UH1992 and UH2325, other oramgrid selectionslid not havegpigmented
cells in theabaxialor adaxialepidermig(ratings of 0 in Table 3.2; Figures 3.4 A to E)JH1992
(Figure 3.4 C) and UH2325 (Figure 3.4 B) had very few pigmented cells in the abaxial epidermis
(ratings of 1 in Table 3.2). The adaxial and abaxial hypodermis of all hybrid selections in the
orangegroup consisted of completely pigmented c@lgings of 5 in Table 3.2) (Figures 3.4 A
to E). All varieties contained few pigmented cells in the mesophyll (ratings of 2 in Table 3.2),
except for the orange var i an ttenmrhberofpgmenttda hoa R
cells (rating of 3 in Table 3.2). There was no major variation in the color of the pigments within

UH2325 and 6Nittad (Figures 3.4 B and D). Pi
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darker than pigments in the abaxial sidednthuriums UH1618, UH1992, and the orange
variant of O6New Pahoa Redd6 (Figures 3.4 A, C,

Except for UH1900, all other cultivars examined in the coral group did not have

pigmented cells in the adaxial or abaxial epidermis (ratings of O in Tabld=&j8)ds 3.4 F to I).
UH1900 (Figure 3.4 H) had very few pigmented cells in the abaxial epidermis (rating of 1 in
Table 3.2). Both UH1900 and UH2065 (Figures H and F) had more pigmented cells in the
adaxial hypodermis (ratings of 5 in Table 3.2) with fewery few pigmented cells in the

mesophyll and abaxial hypodermis (ratings of 1 to 2 in Table 3.2). UH2189 (Figure 3.4 G)
differed from the other varieties in the coral group by having an abaxial hypodermis with more
pigmented cells (rating of 5 in TalBe2). Pigmented cells were only present in the adaxial
hypodermis of UH1545 (rating of 5 in Table 3.2) (Figure 3.4 1). There was not much variation in
the color of the pigments within each spathe of the coral group (Figures 3.4 F to I).

Anthocyanin pigrents were not visible for spathes in the white group: UH2573,
6Acropolis,® O6Hil o Moon,d 6Hokuloa, 6 and UH22
F). The white variant of ONew Pahoa Redd (Fig
most ofthe spathe except for a minute amount at the tip of the spathe.

Ant hocyanin pigments were also absent in 6
color group of (Tables 3.2; Figures 3.6 A and B). Instead, chlorophyll was observed primarily in
the mesophy of green spathes.

RHS colour chart designations
The RHS Colour Chart (2007) was used as standard reference for identifying color in the

spathes in this study. RHS colour designations range from darkest (A) to lightest (D) within a
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leaf of the grouping.Some varieties, although very different in spathe appearance, shared the
same if not close RHS colour chart designations.

Purplespathesvere categorized into the rguirple, purple, and greygalirple color
groups according to the Royal Horticultural Society Colour Chart (Figure 3.2). UH2555 and
UH2565 both had the designation of Redrple Group 60 A (Figures 3.2 A and B). Selection

7051 and O0Utahd bot h HPardle Grdug71Al (Bigureg3d2dbtanddEn of Re ¢

UH2198 and 6Lavender Ladyo6é were close in colo
respectively) except OLavender Lady®WARGS | i gh
Hawaii 6 were very close and were designated a

and I). UH2557 and UH1530 had the designation of Gr&yegle Group 186 B and 186 C,
respectively (Figures 3.2 J an gnatiohofGreyddRe gi na o
Purple Group 187B (Figures 3.2 L and M). Selection UHZR&}Purple Group 64Adid not
have a close color designation to the other purples (Figure 3.2 C).

Red and pinlspathesvere categorized into the Red, Greyurple, and GreyeRed
groups according to the Royal Horticultur al S
was slightly lighter in color to the other red anthuriums and was designated as Red Group 45B
(Figure3 . 3 B) . 6Kal apanad and UH2237 were darker
had the designation of Red Group 46B (Figures 3.3 C, D, B). UH2071 was the darkest of the
reds and was designated as Grepedr pl € Gr oup 185A ( Firgurdée wAa.s3 A
slightly darker pink than 6New Erad (Red Grou
F). Accession A 494 (Red Group 52B) was slightly redder in color than the other pinks (Fig 3.3

G) . 0 Mi st y47 Rerenclose in@atoddesigfadi (Red Group 54C and 55C) (Figures
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3.3 H and I).UH2265 was splotchy compared to the other pinks and was designated as Greyed
Red Group 181D (Figure 3.3 J).

Orangespathesvere categorized into the Red, Orange, and Or&egkegroups, while
corals were ategorized in the Red and RBdrple groups according to the Royal Horticultural
Society Colour Chart (Figure 3.4). The range of RHSCC designations for the orangsispathe
this study were greater than for the red or purple spathes. UH1618 was st ljtihe
oranges (Red Group 31B) followed by UH1992 (Red Group 41 A) (Figures 3.4 A and C).
UH2325 and O6Nittad ( OrRedG@aupEBOA) wepe d&keroramgaid Or an
color than UH1618 and UH1992 (Figures 3.4 B, D, A, C). Coral anthurium@O®as darker
than UH2065 (Red Group 38A and Red Group 38D, respectively) (Figures 3.4 H and F).
UH2189 was a blush coral with a color designation of Red Group 39D (Figure 3UHZh45
was most distant in color designation from the rest of the cattilsa designation of ReRurple
Group 69A (Figure 3.4 1).

White anthuriums were categorized into the WH@Bieen, Greyedhite, and White
groups according to the Royal Horticultural Society Colour Chart (Figure 3.5). UH2282 had a
slight offwhite colorcompared to the other whites and was designated as White Green group
155D (Figure 3.5 A). OAcropolis,® OHiIil o Moon
designated Greyehi t e Group 156D (Figures 3.5 B, C, D)
(whitevar ant ) 6 were also similar (White Group N15
other whiteselections or cultivams this study (Figures 3.5 E and F).

The greercultivars and selections this study were very close in color designation
(Figure 3.6).6 Mi d o r i éreénYGeoup 1444%) was slightly darker green than UH2568

(Yellow-Green Group 144B) (Figures 3.6 A and B).
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Anthocyanidin identification

The proportion of ganidin was highest in rgJH2237, Figure 3.7 Dand pink( 6 Mar i an
Seefurthd and 6New fMlioaedbyofangg o Nest a8, @ RARi gndeB3B
HPLC chromatograms (Figure 3.The proportion of plargonidin was preseiit much smaller
amounts than cyanidin red, pink, and orange spath@hewhite spathd 6 Hokul oa, 6 Fi g

F) hadmuch less cyanidin present than red, pink, or orange spathes (Figure 3.7 A, B, D, E).

DISCUSSION

Most pH studies have been conducted on true floral tissues with a few on modified leaves
such as bracts in poinsiat(Stewart et al., 1975) and spathes in anthurium (ARdatant et al.,
2010). In previous studies, the spathe color of 17 anthurium cultivars was associated with
vacuolar pH, with green spathes having the highest average pH (5.74), followed by whites
(5.57), corals (5.38), pinks (5.20), reds (5.10) and oranges (4.5){Redtant et al., 2010). In
this study, 50 cultivars and hybrid selections were evaluated with the same color groups, except
for the addition of purple anthuriums, which have not @eriously reported. Results for this
study were similar to AvildRostant et al. (2010) except that the pH of pinks was slightly higher
than in corals. Green spathes had the highest average pH (6.14), followed by white (5.96),
purple (5.82), pink (5.78)xoral (5.72), red (5.46), and orange (5.40). The pH readings in this
study were higher than those in previous studies and could be attributed to different methods and
source materials for pH measurements. AR@stant et al. (2010) measured pH on mateel
epidermal peels from the adaxial surface of spathes, while in this study whole tissue (including
the adaxial, mesophyll, and abaxial layers) were macerated and measured. Furthermore, the

adaxial surface of one out of two cultivars examined in anatkgeriment had a slightly but
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significantly higher pH in the adaxial epidermal peel compared with that in the abaxial epidermal
peel (AvilaRostant et al., 2010).

The appearance of flowers is affected by both the optical qualities of the anthocyanins
they contain and the shape of the epidermal cells. Conical or papillate cell shapes enhance the
amount of incidental light entering the epidermal cells, increasing absorption by vacuolar
pigments and enhancing floral color intensity in contrast to flat epalecells which appear dull
(Baumanret al., 2007Kay et al., 1981). Cross sectional examination of the anthurium spathes
in this study revealed that the adaxial and abaxial epidermal cells were flattened and not conical.
Zantedeschia hybridis another aroid with flattened adaxial and abaxial epidermal cells that
result in greater light reflection and reduced flower color intensity (Lei and Song, 2017). In
herbaceous peonthe epidermal cell shape of white, pjakd red petals did not déf and was
not the key factor in derminingphenotype color since tlepidermal cells had similar features
of light absorption (Zhao et ak016).

In many ornamental plants, the colored cells of petals weatedin the epidermis or
palisade mesophyQi et al., 2013Yoshida et al., 2003, 2002hao et al., 2016 Specifically,
in Zantedeschidybrids pigments were distributed in adaxial and abaxial epidermal cells as well
as in multiple layers of the mesophyll cells near the epidermal cellarfdesong, 2017).

Although pigments were distributed in adaxial and abaxial epidermal cells and the mesophyll in
some anthurium spathes, this observation was not widespread in all hybrid selections or cultivars
as some selections did not have pigmentedezpial layers. The greater the number of

pigmented layers in a petal, the greater the light absorption and the amount of incidental light
entering the cells, leading to deeper flower cf®orton and Vogelmann, 1996ei and Song,

2017 Mudalige etal., 2003; Noda et al., 1994In Zantedeschidybrids deeper color was
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observed as the pigmented layers increased, with the black group having the richest distribution

in the epidermal and mesophyll cells. Most of the anthurium hybrid selectionspurgie

group had pigments in both the adaxial and abaxial epidermis and hypodermis as well as in the
mesophyll and was observed in both lighter and darker purple spathes. The purple cultivars
0ARCS, 6 6ARCS Hawaii, 6 and téelsgevie\nttueum Lady o ar
amnicolg the parent with epidermal anthocyan{gfrenberger and Kuehnle, 2003; Kamemoto

et al., 1988; Kamemoto et al., 1989; Wannakrairoj and Kamemoto 1986)hybrid UH2555

which also had pigmented adaxial and abaxial epidesails® hag\. amnicolain its

background via a selection that is a sibling
Furthermore, UH2555 (Figure 3.2 A) differed f
and G) due to red pigments in the mesophyiclwimay be a result of a more complex pedigree

(Figure 3.8). Cyanidin-Butinoside and peonidin-&itinoside were the two anthocyanins

reported in the spathe &f amnicola with the former occurring in larger amounts (Marutani et

al., 1987). Inanothext udy, t he pur pl e aontainedcyanidm3 cul ti var
rutinoside, pelargonidin-Butinoside, andpeonidin 3rutinoside(from greatest to least amount)

(Li et al., 2013) Clark et al., (2014) reported all three anthocyanins in the poutigar

06ARCS® and in red culti v a.bBeonidiK 8ruticokideralaays and &6 N
co-occurred with the preursor, cyanidin 3utinoside, and thebservedatios of peonidin to

cyanidin rutinosides were much higher in purple than in rédrats, contributing to the

observed color of the spatheBhe purple group differed from the other color groups examined

in this study in that most of the cultivars or selections had highly pigmented abaxial and adaxial
epidermises Redpurple pigmentsvere observed in the abaxial and adaxial epidermis while red

pigments were observed in the abaxial and adaxial hypodermis of some of the spathes in the
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purple group. Similarly in rhododendrpetals the epidermal cells are weakly colored while the
adaxal subepidermis is strongly colored (Pecherer, 1992¢d pigments were located in
subepidermal cells while light pirgolored cells were located in thdaxialepidermisin cross
sections from red blotchés Rhododendron s ¢ h | i p fipwensbyancagishiiand Akagi,
2013). Although similar layering was reportedih simsij redcolored cells were reported in the
epidermis while pigments in the cells of the adaxial epidermis were red purple (Huyen et al.,
2015).

Ilwata & al. (1979) identified cyanidin-Butinoside (cyanidin 3rhamnosylglucoside) and
pelargonidin Zrutinoside (pelargonidin-Bhamnosylglucoside) in red and pink spathes but only
pelargonidin Zrutinoside in orange spathds later work characterizing fl@noids in anthurium
spathes, Li et al. (2013) reported the presence of peoniditin®sidein addition tocyanidin 3
rutinosideandpelargonidin 3rutinosidein a majority of the red, pink, pale pink, purple, and

brown spathes they examine@lark et & (2014) also reported all three anthocyanins in some of

the red spathes in their study but observed that the ratios of peonidin to cyanidin rutinosides were

much lower than when compared to purple spathethis study, the anthocyanins were
hydrolyzedto remove the attached sugars and allow for identification of the anthocyanidins.
Several anthocyanins might be present in plant material, but acid hydrolysis yields 6 major
anthocyanidins and greatly simplifies quantification (Burdulis et al., 2008pP#011).The
anthocyanidins are delphinidin, cyanidin, pelargonidin, petunidin, peonidin, and maWniidim
differ due to the number of hydroxyl groups and the degree of methylation of these grbeps
HPLC results in this study concur with previoepaorts (lwata et al., 1979; Clark et al., 2014) in
that cyanidin and pelargonidin are present in the pink and red spathes. However, cyanidin in

addition to pelargonidin were observed in
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Clarketal.2014) . I n this study, the HPLC chromato
peak compared to the pelargonidin peak, in contrast to the observations by Clark et al. (2014).

This study is in agreement with prior histological studies of anthurium, in that a majority
of theA. andraeanuntype hybrids lacked epidermal pigmentat{&irenberger and Kuehnle,
2003). In red, pink, orange, and coral spatheshocyaninsverelocalized in pigmented cells
predominantly in tha@daxialandabaxialhypodermis with sombybrid selectionexhibitingfew
pigmented cells in thadaxialand/orabaxialepidermis and mesophyTable 3.2; Figures 3.3
and 3.4) Although the spatial location ofdtpigmented cells was generally simikiie amount
of anthocyanircannot be ascertaingsince corals and pinks have lower concentrations of
anthocyanins in comparisons with orange and red counterparts (lwatd 888). For example,
although the ligter hued coral selection UH2189 (Figure 3.4 G) has a similar spatial distribution
of pigmented cells as the more intense orange
to have greater amounts of anthany8aeehagrth&i (
3.3 E) has a similar distribution of pigmented cells as the red selection UH2237 (Figure 3.3 D),
but is expected to have a lower amount of anthocyanins.

In prior studiesanthocyanin pigmestwerenot detectedn cross sections of vite
spathes and was due to considerable concentration of flavones with no detectable anthocyanins
(Clark et al., 2014lwata et al., 1985Li et al., 2013. This study differed from previous studies,
where a very low amount of cyanidin was detectedvial@P i n t he white cul tiv
(Clark et al., 2014).

Green spathedacked anthocyanins but contained chlorophyll predominantly in the
mesophyll. The combination of anthocyanins in the outer layers and chlorophyll in the inner

layers results in the apprance of chocolate/brown spathgsrénberger and Kuehnle, 2003).
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this study, UH2071 was the orgglectioncontaining anthocyanins with prominent amounts of
chlorophyll in the mesophyll, resulting inreddishbrownor maroon appearance of the spathe.
The layering of anthocyanins and chlorophyll accounts for brown (green chlorophyll with orange
pelargonidin) and maroapatheggreen chlorophyll with red cyanidin) (Kamemoto, et al.,
1988; Kamemoto and Kuehnle 199&).dull brown hue was also observed in in young leaves of
wintergreen orchidT(ipularia discolo)) and was attributed to the presence of anthocyanins in the
palisade and spongy mesophyll muddled with surrounding chlorsfithsghes et al., 2021).

The segegation of spathe color because of crosses between anthuriums of different
colors is explained in detail by Kamematbal.(1988). The spéal assessment of pigmented
cells in the different layers of the hybrids in this research can add to the w¢akneimoto and
Kuehnle(1996)by al |l owing for a more Atailoredo appr ¢
example, aed x pinkcross has an expected outcome oé@: 1 orange. By examining the
number of pigmented layers from the cross sectidpotential @rents we caneither intensify
or tone down the coloration of the progdmyselecting foparents with eithemoreor less
pigmented layers An example would be crossing the red selection UH2237 (Figure 3.3D) with
the more intense pindultivar6 Ma rSieaenf ur t h6 ( Fi g uselectioBJHR65E) v s tt
(Figure 3.3 J). The progeny with &6Marian See
color than the progeny with UH2265.

Many factors such as type of pigments present, combinations of pigments, co
pigmentation, metal chelation, and pH all influence flower color. The types of anthocyanins in
anthurium spathes have already been documented (lwata et al., 1979; Li et alClaK.&t al.,
2014). Spatial location of anthocyanins in anthurium species and some hybrids has been

reported byEhrenberger and Kuehn{2003; Wannakrairoj and Kamemto (1990). Vacuolar pH
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and its relationship to spathe color variation in anthuriunalssbeen examinedyila-Rostant
et al., 2010).This study complements earlier work by providing pigment profiles for purple
spathe selections and cultivarBhe spatial distribution of anthocyanins were more expansive in
purple spathes and were obsiin the adaxial and abaxial epidermis and in the adaxial and
abaxial hypodermis of some selecti@m&lcultivars Spathe pH varied within each group and
may have contributed to the variation in spathe color in addition to the nature, quantity, and
spatal location of the anthocyanins present.

Genetic transformation of anthurium has been documéKisehnle and Chen 1994;
Chen and Kuehnle 1996; Chen ef 4097; Kuehnle et al., 2004; Hayden and Christopher 2004;
Khaithong et a].2006, 2007; Fitch ela2011; Hosein et g12012; Matsumoto et al2013, but
studies on genetic engineering for color manipulation for anthurium has yet to be reported. The
understanding of pH and the spatial distribution of anthocyanins may help facilitate genetic
engineering for pigments such as delphinidin that do not exist in anthurium or for the
introduction of transcription factors to increase the production of anthocyartisinformation
may also help classical breeding by elucidating the current profile afrantis and allowing
for selection of parents that may produce progeny with potentially desirable color and spatial

distribution of anthocyanin.
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Figure 3.1. Five (£2) samples were taken from each spathe

depending on spathe size. Sample tissues were taken from the
and right lobes, the central left and right side (excluding the ma
vein), and the central narrow area toward the apex of the spath
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Table 3.1. pH measurements of anthurium hybrids in different color groups.

Color  Cultivar/ RHSCC No. and Color Group Mean  Standard Mean Color
Group  Selection Spathe pH  Error Group pH
Purple UH2198 Purple Group N77B 6.30 0.05 5.82
GARCS Hawai Purple Group N79D 6.18 0.05
d_avender Lad§ Purple Group 77D 6.00 0.05
UH2557 GreyedPurple Group 186B 6.00 0.19
Regind GreyedPurple Group 187B 5.98 0.02
dutahd RedPurple Group 71A 5.97 0.18
171552 Purple Group N77B 5.92 0.10
UH1530 Greyed-Purple Group 186C 5.87 0.03
ARCS Purple Group N79C 5.81 0.08
UH2555 RedPurple Group 60A 5.81 0.03
UH2578 RedPurple Group 64A 5.78 0.06
UH2574 RedPurple Group 59B and 61A 5.74 0.06
7051 RedPurple Group 71A 5.66 0.09
®Ponii Al i 6 RedPurple Group 59C/Red Group 46 5.57 0.07
UH2569 GreyedPurple Group 187B 5.27 0.13
UH2565 RedPurple Group 60A 5.20 0.02
Green Midori Yellow-Green Group 144A 6.25 0.09 6.14
UH2568 Yellow-Green Group 144B 6.10 0.15
UH2572 GreenWhite Group 157A/157B 6.07 0.06
White  drropic Misth GreyedWhite Group 156D 6.13 0.00 5.96
UH2573 White Group N155C 6.11 0.02
GAcropolish GreyedWhite Group 156D 6.04 0.04
Hilo Moond GreyedWhite Group 156D 6.02 0.03
MHokuload GreyedWhite Group 156D 5.91 0.19
UH2282 White-Green Group 155D 5.85 0.24
ANew Pahoa Rdi{whitevariant)  White Group N155D 5.67 0.08
Pink UH2265 GreyedRed Group 181D 6.10 0.10 5.78
ANew Erad Red Group 49C 6.00 0.03
AMVarian Seefurth RedPurple Group 62D/Red Group 49 5.64 0.20
&lamingd Red Group 36B/38A/58C 5.38 0.07
Coral UH1877 Red Group 49C 6.05 0.10 5.72
UH1900 Red Group 38A 5.96 0.06
UH1545 RedPurple Group 69A/69D 5.92 0.06
Anuenud Red Group 38B 5.83 0.18
6royama Peadh Red Group 49A/49B 5.77 0.10
UH2065 Red Group 38D 5.54 0.11
UH2189 Red Group 39D 5.50 0.12
ANew Pahoa Rédilcoral variant) Red Group 39B,39A 5.20 0.02
Orange UH2327 Red Group 43B 5.70 0.13
Aittad OrangeRed Group N30 5.62 0.37
UH1992 Red Group 41A 5.52 0.05 5.40
UH2010 OrangeRed Group N34 5.38 0.07
UH1618 Red Group 31B 5.37 0.14
'‘New Pahoa Retlorangevariant) =~ ---------- 5.10 0.08
UH2325 Orange Group 33A 5.12 0.18
Red UH2071 GreyedPurple Group 185A 5.60 0.23 5.46
&Kalapanaé Red Group 46B 5.51 0.14
UH2053 Red Group 46B 5.45 0.09
ANew Pahoa Reil Red Group 45B 5.41 0.03
UH2237 Red Group 46B 5.35 0.09
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Table 3.2. Pigment distribution in the tissue layersfofthuriumspathes Scoring of the presence of anthocyanin
cells of tissue layers: 0 = no anthocyanins, 1 = very few cells with anthocyanins, 2 = few cells with anthocya
= moderate number @klls with anthocyanins, 4 = most cells with anthocyanins, 5 = all cells with anthocyanin

Color Cultivar / RHSCC Adaxial Abaxial
Group Selection number  Epidermis Hypodermis Mesophyll Hypodermis Epidermis
Purple UH2555 60A 5 5 3 4 5
UH2565 60A 3 5 3 4 4
UH2578 64A 0 5 2 4 0
7051 71A 0 5 2 0 0
oUt ahd 71A 4 5 4 5 4
UH2198 N77B 5 5 4 3 5
6Lavender 77D 5 5 4 5 5
60ARCSO N79C 5 5 4 5 5
60 ARCS Haw N79D 5 5 3 5 5
UH2557 186B 5 5 2 4 5
UH1530 186C 5 5 3 5 5
OReginabd 187B 5 5 2 5 5
UH2569 187B 4 5 3 5 5
Red UH2071 185A 0 5 2 5 1
dNew Pahoa Reil 45B 0 5 1 5 1
Kalapandé 46B 0 5 2 5 1
UH2237 46B 0 5 2 5 0
Pink dMarian Seefurth 49B 0 5 0 5 0
ANew Erad 49C 1 4 0 4 1
A 494 52B 2 5 2 4 1
OMi sty Pi b54C 0 4 2 4 0
76847 55C 0 5 1 3 0
UH2265 181D 0 0 3 3 0
Orange UH1618 31B 0 5 2 5 0
UH2325 33A 0 5 2 5 1
UH1992 41A 0 5 2 5 1
dNittad N30A 0 5 2 5 0
dNew Pahoa Reil
(orangevariant) 0 5 3 5 0
Coral UH2065 38D 0 5 2 1 0
UH2189 39D 0 5 3 5 0
UH1900 38A 0 5 1 2 1
UH1545 69A 0 5 0 0 0
White UH2282 155D 0 0 0 0 0
GAcropolish 156D 0 0 0 0 0
Hilo Moond 156D 0 0 0 0 0
dHokuload 156D 0 0 0 0 0
UH2573 N155C 0 0 0 0 0
dNew Pahoa Reil N155D
(white variant) 0 0 0 0 0
Green Aviidorid 144A 0 0 0 0 0
UH2568 144B 0 0 0 0 0
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Cultivar / RHS no. Spathe Cross Section

Selection and color
group

A.) UH2555
Red
Purple
Group
60A

B.) UH2565

143511

Red
Purple
Group
60A

C.) UH2578

152137

Red
Purple
Group
64A

Figure 3.2. Color characterization and cressctions of selections in the purple group.
A.) UH2555 B.) UH2565 C.) UH2578.
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Cultivar / RHS no. Spathe Cross Section
Selection and color
group

D.) 7051

Red
Purple
Group
71A

E) dtamd

Red
Purple
Group
71A

F) UH2198

Purple
Group
N77B

Figure 3.2.(Continued) Color characterization and cresactions of selections in the purple
group.D.)7051 E. ) ¢6Utahd F.) UH2198.
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Cultivar / RHS no. Spathe Cross Section
Selection and color
group
G.) d.avendr
Ladyd
Purple
Group
77D
H) AARCSS
Purple
Group
N79C
)  AARCS
Hawaiid
Purple
Group
N79D

Figure 3.2 (Continued)Color characterization and cressctions of selections in the purple
group.G.)6Lavender Lad)y606ARGSOHRRCSION |
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Cultivar /
Selection

RHS no.
and color

group

Cross Section

J) UH2557

Greyed
Purple
Group
186B

K.) UH1530

Greyed
Purple
Group
186C

L) ®Reginad
UH1469

Greyed
Purple
Group
187B
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M. UH2569
168661

Greyed
Purple
Group
187B

Figure 3.2.(Continued) Color characterization and cressctions of selections in the purple
group.J)UH2 55 7

K.

)

UH1530

56

L.

)

O0Reginab

M.

)

UH2569



Cultivar / RHS no. Spathe Cross Section
Selection and color
group
A.) UH2071
Greyed
Purple
Group
185A
B.) dNew
Pahoa
Red?©o
Red
Group
45B
C.) &alapana
(Non
obake) Red
Group
46B
D.) UH2237
Red
Group
46B

Figure 3.3. Color characterization and cressctions of selections in the red and pink group

A)UH2071B)6 New Pahoa

Redéo

57

C.

)

6Kal apana’

D.

)

UH2:



Cultivar / RHS no. Spathe Cross Section
Selection and color
group
E.) dVarian
Seefurttd N U P P
Red
Group
49B
F.) d\ew Er®d
Red
Group
49C
G.) A494
Red
Group
52B

Seefurtho

58

F.

) ONew Erabd

Figure 3.3. (Continued) Color characterization and cressctions of selections in the red and
pink group E.))O Mar i an G.

)

A



Cultivar / RHS no. Spathe Cross Section
Selection and color
group
H) 6 Mi st
Pi nKk{
Red R o . Bl
Group
54C
l.) 76847
Eter sy <Sb§egI BT MBSk & T
Red
Group
55C
J.) UH2265
Greyed
Red
Group
181D

Figure 3.3. (Continued) Color characterization and cressctions of selections in the red and
pink group H)6 Mi sty PiHMAX)@JH2RG5) 7 68
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Cultivar /
Selection

RHS no.
and color

group

A) UH1618

Red
Group
31B

B.) UH2325

Orange
Group
33A

C.) UH1992

Red
Group
41A

D.) &\ittab

Orange
Red
Group
N30 A

Figure 3.4. Color characterization and cressctions of selections in tleeange and coral
group A JUH1 618

B.

Spathe Picture

) UH2325

60

Cross Section

©.

)

UH1992 D.

)

O Ni

tta



Cultivar / RHS no. Spathe Cross Section
Selection and color
group
E.) dNew
Pahoa
Red©d
(orange
variant) | ----------
F.) UH2065
Red
Group
38D
G.) UH2189
Red
Group
39D
H.) UH1900
Red
Group
38A

61




1)

UH1545

Red
Purple
Group
69A

Figure 3.4. (Continued) Color characterization and cressctions of selections in tleeange
and coragroup E.)6 Ne w P a haraagevareamt)d.) UH2065 G.) UH2189
H.) UH1900 I.) UH1545.
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Cultivar /
Selection

RHS no.
and color

group

A) UH2282

White-
Green
Group
155D

B.) @Acropolis

Greyed
White
Group
156D

C.) dilo
Moond

Greyed
White
Group
156D

D.) Hokuload

Greyed
White
Group
156D

Figure 3.5. Color characterization and cressctions of selections in thhite group

A)UH2282 B.

)

Spathe Picture

Cross Section

,"73’ .. u.'t ?’%‘:

R T

T~ ..ung. B A

ek sw i

6Acropolis'" 6C.) O6HiIil oo

63
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Spathe Picture

Cross Section

Cultivar / RHS no.
Selection and color
group
E.) UH2573
White
Group
N155C
F) 6New
Pahoa
Redb©o
(white White
variant) | Group
N155D

6 Nwhite va@iant) o a

Figure 3.5. (Continued) Color characterization and cressctions of selections in thehite

group EJUH257 3 Redd (




Cultivar / RHS no. Spathe Picture Cross Section
Selection and color
group

A) 6 Mi dd

Yellow-
Green
Group
144A

B.) UH2568

Yellow-
Green
Group
144B

Figure 3.6. Color characterization and cressctions of selections in the green group
A)OMi dori 6 B.) UH2568.
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Figure 3.7. HPLC chromatograms of anthocyanidin standards compared to hydrolyzed

anthocyanins from anthurium spathes ( A) o6 Mar i an Seefurth, é (B)
standarde or r esponding to A and B, (D) UH2237, (E)
standards corresponding to D, E, and F.
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Uniwai

69

zggc;polls Manoa Mist H21 (White)
—————— UH185
LI TropicMist Marian Seefurth
(W) UH780 Coral Accession H33 (Pink)
Hokuloa A125
UH1349
966-16 A. antioquiense
A430
768-47
Marian Seefurth
UH2555 A. andraeanum
1662-36 A494
A. antioquiense
TropicFire
::71_?;5 Diamond Jubilee _Sunburst o
UH517=257-9 - Uniwai
H21 (White)
Kalapana
UH1016 Manoa Mist
592-85 UH185 Marian Seefurth
H33 (Pink)
1403-6 + Paradise Pink DeWeese
1435-10 UH383=201-48
Marian Seefurth o
e — Uniwai
H21 (White)
RS1249-7
392-42
A. kamemotoanum
A. formosum
705-1 o4/ A290
A. amnicola NOTE: 587- Cross Number for
A. formosum ARCS=587-54
A291 ARCS Hawaii=587-68
LavenderLady=587-32
Figur®edi gree of UH2555.



Chapter 4
TRANSIENT GENE EXPRESSION OF F 3 6 5OEHLA , AND ROSEAL IN

ANTHURIUM VIA AGROINFILTRATION

ABSTRACT

Anthurium is one of the most important tropical floriculture crops that lackfldwers due to

t he absence o f-hydrdxydaseff|3 @ bgendédar proddtion & delphinidin, the

pigment responsible for blue colofhe delphinidin pathway is of interest for genetic

engineering of anthurium for production of noeeloredspathesHowever the development of

stable transformants is a lengthy process, therdfamsient transformatiowas explored aan

alternative to stable transformatitmexamine temporatyeterologous foreign gene expression

utilizing agroinfiltration for of the structural gefre3 6 %rdd lthe transcription factoBelila and

Rosed. We hypothesized that blue coloration will develop as a result of agroinfiltration with
F36506H,andRmsddi.| aDet ached spaftihhretsh, o0d VHWMA0I1I &GN K25
UH2008 agroinfiltrated wit- 36 56 H6 New Era, 6 UH2008, and UH217
Delila; and UH2008 agroinfiltrated witRosed, all developed blue spots. Detached spathes of
O0New Eradé and UH2 0 Oecondigatianiom3 d 9Dl antRosed, wlsot h  t h
devel oped blue col oration. The blue col orati
in a separate experiment when agroinfiltrated WitB 6 5 BuHhermore, blue coloration in the
Agrobacteriumcontrol for UH2010 unexpectedly developsthce the spathe was infiltrated

with neither the color gene nor transcription factors. Transient expression of the color gene and
transcription factors was then examined in at

but blue color did not del@p as was seen in detached spathes. The effect of spathe age on
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transient expression of older (fully unfurled spathes approximately three to four weeks after
unfurling) and younger spathes (newly unfurled spathes approximately one week after unfurling)

was done on three cultivars/selections and seemed promising when blue coloration appeared in

both older and younger spathes of UH1688 agroinfiltrated wiBho 5 Holtever, in a separate
experiment, both older and younger spathes of UH1688 did not proldcedioration when

infiltrated with the combination d&f 3 6 5Dé&lih , andRosed. Unexpectedly both older and
younger spathes of ONittadé infiltrated with b
lack of the color gene or transcription fait. The effect offull spectrum light emitting diodes

(LED) and red spectruranriched LED on transient expression was conducted on UH2189 and
OMarian Seefurth. o No blue coloration develo
coloration wabserved in agroinfiltrated tissue of UH2189 under both blue and red spectrum

LED. The UH2189 spathe under the red spectrum LED appeared to have darker red

pigmentation than the spathe under the blue spectrum LED. Darker pigmentation in infiltrated

are@ of the O6New Erad spathes were not pronounc
Eraé under the red spectrum LED had a deeper
LED. , Sonication was attempted to improve transient expression in agfoinfr at ed o6 Pu me h
spathes. However, the results were inconclusive since blue coloration appeared in the spathe
agroinfiltrated with genes of interest as well as the control spathe infiltrated with only buffer.

The bluing can be attributed to tissueesrence because Afirobacteriuninfection and not

from transient gene expression. Transient expression was not clearly shown in this study,
suggesting future work should include improving the constructs or testing a wider range of

cultivars/selections.
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INTRODUCTION

Anthuriumis a genus in the family Araceae, consisting of perennial, herbaceous,
epiphytes with a creeping climbing habit and comprising @¥8igenera withapproximately
3,800speciegBoyce and Croat, 2013; Ulrich et al., 20Hnriquezet al., 2013 The colored
spathes are heart shaped and often referred to as the floral portion. The major colors of
anthurium in the market today are red, orange, pink, white, and green.

The distinct colors of anthurium spathes are mainsalt of pigments known as
anthocyanins. Anthocyanins are water soluble flavonoids that are located in the vacuole, and are
involved in almost all pink, red, orange, scarlet, purple, blue, anebitdigk colors (Davies,

2009). Anthocyanidins are the legsigments consisting of a-tarbon structure of two

aromatic rings (the A and B rings) joined by a third ring (theén@) (Davies, 2008). The
anthocyanidins are glycosylated to form the various anthocyanins, and the degree of
hydroxylation of the B rig is crucial for color variation. Modification of the core anthocyanidin
structure occurs through hydroxylation, acylation, and methylation. Cyanidin, pelargonidin, and
delphinidin are the three major groups of anthocyanidins present in higher pldmwin¢sand
Davies, 2004).

Pehlrgonidin 3rutinoside (synonymous with pelargonidisrfBamnosylglucoside) and
cyanidin 3rutinoside (synonymous with cyanidirrBamnosylglucoside) were identified as the
anthocyanins responsible for the major spathe colorasfge to coral and red to pink in
anthurium spathes (lwata et al., 1979, 1985). Both pelargoniditiri®side and cyanidin-3
rutinoside were found in red and pink spathes with varying ratios of cyanidin to pelargonidin
between cultivars (Ilwata et al985; Li et al., 2013) Only pelargonidirB-rutinosidewas found

in orange and coral spath@wata et al. 1985)In the lavendehuedAnthurium amnicola
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Dressley cyanidin 3rutinoside was determined to be a major anthocyanin and peonidin 3
rutinoside as minor anthocyanifMarutani et al., 1987). In subsequent research, low
concentrations of peonidinr8itinoside were discovered in red and pink spathes (<1 % total
anthocyanins in the red spathes and <10 % in pink spathes) (Li et al. 2013a; Clag0éa#al.
Teixeira da Silva et al., 2015). White spathes lack anthocyanins (lwata et al., 1985; Li et al.,
2013; Clark et al., 2014). There were no reports of delphinidin being detected in anthurium.
The production of anthocyanins relies on the expressfigaveral structural genes. The
structural genes flavanonenydroxylase E3H) , f | a-hydroxglaself 3390ENnd flavonoid
3 0 shyioxylase F 3 6 padeHesponsible for the production of cyanidin, pelargonidin, and
delphinidin, respectively (Holtoand Cornish, 1995). Gene expression is controlled at the
transcriptional level by a complex of transcription factors including R2R8loblastosis
(MYB), basic helixloop-helix (bHLH), and WD40 repeat (WDR) transcription factor families
(Quattrocchio eal., 1998; Koes et al., 2005Relila is a bHLH transcription factorhile
Rosed is a MYB transcription factor, both are from snapdragon, and their interaction controls
anthocyanin accumulation in flowers (Martin et al., 199¢lila regulates the expression of
late structural genes includif@H, DFR, anthocyanidin synthas@NS andUFGT (Martin et
al., 1991)Rosed controls the expression of flavanontyiroxylase [F3H), flavonol synthase
(FLS , f | a-hydroxglaselr 33Nihydroflavonol 4reductaseldFR), leucoanthocyanidin
dioxygenasel(DOX) andUDP-glucose 30-flavonoid transferas@JFGT) (Schwinn et al.,
2006). Heterologous expressionidlila andRosed enhanced the anthocyanin accumulation
in tomato fruit, tobacco flowers ahdium tepals (Naing et al., 2017; Naing et al., 2018; Fatihah

et al. 2019).
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Important commercial ornamental plants lack dhwed flowers due to the absence of the
structural geneH 3 6 pbrésponsible for delphinidin production. Genetic modification for
ectopc expression oF 3 6 Hds Heen employed to create basdored flowers in carnation
(Fukui et al., 2003; Tanaka et al., 1998), rose (Katsumoto et al., 2007), and chrysanthemum
(Brugliera et al., 2013; Noda et al., 2013). The delphinidin pathway isepést for genetic
engineering of anthurium for production of noeelored spathes. Incorporation of genes for the
delphinidin pathway and other genes for transcription factors may result in novel purple-or blue
hued spathes as seen in genetically emgateroses (Katsumoto et al., 2007).

The development of stable genetically engineered anthurium plants is a lengthy process
with exceptionally low transformation efficiency, reaching up to 2% (Zhao et al., 2010; Fitch et
al., 2011). Transient expressiaa method for quickly observing gene function. Transient
expression is the rapid but temporary expression of a gene shortly after DNA delivery to cells of
target tissues. Agroinfiltration is the forced infiltrationAgfrobacteriuminto the intercellular
spaces of target tissues, via syringe or under vac\grobacteriuramediated stable
transformation requires the integration e6DNA into the genome of host cells, while for
transient assays, nantegrated TDNA can be transcribed and expressed imilngeus of the
host cell (Kapila et al., 1997). Agroinfiltratiand particle bombardment are methods that have
been employed for transient assays in anthurium (Collette, 2002; Hayden and Christopher, 2004;
Hosein et al., 2012).Particlebombardment ishe physical delivery of high velocity DNA
coated micropatrticles (gold or tungsten) via a gene gun or particle infiltration gun into target
tissues or cells (Klein et al., 1987). Successful transient expression studies for biolistic DNA
delivery of transiption factors have been reported @ymbidium(Albert et al., 2010).

Although transient expression using particle bombardment was reported in anthurium (Collette,
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2002; Hayden and Christopher, 2004), this method of delivery is not useful for anthocyanin gene
assays due to high phenolic levels in anthurium tissue thategsailbrowning of the spathe

upon bombardment with particle suspension (Collette, 2002). Browning of wounded spathe
tissue obscured the development of subtle color changes.

Agroinfiltration was effective for assessing transient expression of strucauas gn
Gerbera(iris-DFR and petunig= 3 6 b(Bludsein et al., 2012nd rose Commelina communis
F 3 6 STorehia fournieri DFRandANS (Zeinipour et al., 2018), and transcription factors in
Lilium (snapdragoiDelila andRosed) (Fatihah et al.2019). Optimization studies for transient
e X pr e s sdluounonidase (GUR) were reported in anthurium using agroinfiltration under
vacuum (Hosein et al., 2012). No studies have been reported using agroinfiltration for transient
expression of transgriion factors or structural genes in the anthocyanin pathway of anthurium
spathes.

Although agroinfiltration is a useful approach for transient studiefdhebacterium
may not reach the proper cells in target tissue. To overcome this barrier,isordaatbe used
to create small fissures in the tissue to allow for easier infectiédwlnbacterium(Trick and
Finer, 1997). Sonication improved Agroinfiltration in soybean(King et al., 2015), hemp
(Deguchi et al., 2020), cowpea (Bakshi et al., 2011g,atrus (Oliveira et al., 2009).

Host factors such as developmental maturity of plant material can Affemtbacterium
transient expression. Few studieported using differemhaturity stages of spathe development
for transient assays in anthuriudosein et al. (2012) examined the transient expressibn of
glucuronidasen anthurium leaf tissue at different stages of developn&tage 1, young,
unopened leaves; Stage 2, fully expanded young leaves (floppy); and Stage 3, fully expanded,

matureand firm leavesStage 2 leaf tissue gave the highest transient expression efficiency.
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Light quality is important for plant growth and production of secondary metabolites
(Carvalho and Folta, 2014alred (600700 nm) radiatiofs required for photosynthissand is
responsible for plant elongatipophytochrome responses)d biomass accumulatio8¢huerger
et al., 1997Son and Oh, 2013; Lee et al., 2D18lue (400500 nm) radiation on the other
hand, represses elongatiasmrequired for photosynthesemd is responsible for the production
of secondary metabolit€$ibbitts et al., 1983Son and Oh, 2013; Lee et al., 2014; Kopsell et al.,
2015). Green (500600 nm) radiation isot absorbed as intensely as red or blue radiation but
promotes photosynthesby penetrating deep in the leaf and plant carfdpyashima et al.,

2009; Brodersen and Vogelmann, 20M&ng and Runkle 2020 The effect of LED on growth

of in vitro anthurium (Budiarto, 2010; Gu et al., 20MartinezEstradeaet al., 2016)growth of

plants under hydroponics (Song et al., 2022), and impacts on vase life (Evelyn et al., 2020) have
been reported. The effects of LED on transient expression for color in anthurium has not been
reported.

The objectives of this study were to determinentharium spathes can show transient
color change using agroinfiltration of transcription facidedila andRosed and the structural
geneF 3 6 5addHo enhance gene expression with varying gene delivery conditions, stage of
spathe development apdstinfiltration environmental conditions. Given the theoretical
framework, we expect blue color development because of the structural gene or increased

coloration due to the expression of the transcription factors.
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MATERIALS AND METHODS
Plant material

Anthurium cultivarsor selectionsvere obtained from the anthurium breeding program
maintained at the University of Hawaii at Manoa and were selected based on work in Chapter 3.
O0Marian Seefurth, 6 ONew Era, WH20811UK21%32, UH199 2,
UH2189, UH2237, UH2282, UH2307, UH2555, and 1:383vere used iexperimentson
detached spathe®. Mar i an Seef urt ho6 aexderindeNtsvith spathea till wer e u
attached to the plant. 0 N i expgerdmerds inydiihgtdo8 , an d
stages of spathe development: fully unfurled spathes approximately three to four weeks after
unfurling (mature) or newly unfurled spathes approximately one week after unfurling
(immature). Nicotiana benthamianplants were useds controls and were grown in a growth
chamber at 2&, under fluorescent lighting at 12 hours light and 12 hours daplathes of
anthuriums and leaves Bif benthamianavere visually observed for color change after
infiltration.

Unfurled anthurium spathes of O&admarhanabd (
experiment to determine the effect of sonication pretreatment on transient expression
Anthurium spathewere sonicated for 1 min in 1.5 L of distilled water in a Branson 2200
ultrasonic cleaner (Branson Ultrasonics Corporation, Eagle Road, Danbury, CT) prior to
agroinfiltration or buffer infiltration with a 1 mL plastic syringe (with a needle). Spathes wer
observed visually for color chang€ross sections of selected spathe tissue were prejoared
microscopic examination followinghrenberger and Kuehnle (2003) and Mudalige et al. (2003).
Spathe sections were cut into 1%gmieces and placed in a sidesaflask containing 20 mL of a

0.25% w/v polyethylene glycol (PEG, M.W. 3350) solution and one drop of Tween 20. Sections
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were infiltrated undelaboratoryvacuumé& 600 mm Hg) for approxi mat e
tissues appeared water soaked. Crossosec(D.10.2 mm) were cut using a sharp razor blade
and mounted with 0.25% PEG solution on glass microscope slides. Tissues were examined
using a Leitz microscope (Leitz Wetzler, Mod. No. 567119, Germany) and photographed with an
Amscope digital camera (dl. No. MU1803, Irvine, CA).
To examine the effects of light quality oolor developmenat t ached spat hes ¢
Er ad or spdtedfddd2i&were placed under either red spectremmiched light
emitting diodes (LED) for budding and flowering (Model 74303, Feit Electric Company, Pico
Rivera, CA 90660) ofull spectrumLED for vegetative growth (Model GLP24FS/19W/LED,
Feit Electric Company, PicRivera, CA 90660). Spathes wetisually observed for color
changes near areas of infiltration.
Preparation of Agrobacteriumsuspension and infection cultures
ThestructuralgeneF 3 6 5adédHranscription facto@elila andRosed were provided
by Cathie Martin (Jon InnesCenter, Norwich, UKand plasmids containing the color genes
were assembled and incorporated igyobacteriumby Xiaoling He Hawaii Agriculture
Research Center (HARC), HIYThe Agrobacteriumstrainfor this study isSAGLO, containingone
of the following plasmidsvith theNPTII selection gene: 1) pJAM198@th the gend=3'5'H
from petunia2) pJAM1889with thetranscription factobelila from Antirrhinum majus 3)
pJAM1463harboringthe transcription factoRoseafrom A. majus
Two test tubes were used to produceAfgeobacteriumnoculum for each AGLO strain.
A single colony ofAgrobacteriumwas inoculated per tube containkg mL of YEB and 2
each of rifampicin stock (5g/mL) and kanamycin stock (50 mg/mL), and grown for two days

at 250 rpm on a shaker at&28 Three mL of thégrobacteriunsuspension from the test tubes
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were transferred to a 120 mL flask with 30
mg/mL) and kanamycin stock (50 mg/mL) and placed on a shaker at 250 rpmd@n({MV28
Fitch and X. He, personal communication).
acetosyringone was added to the bacterial culture, and it was returned to the shakeasoBat
min. Cells were adjusted to a fifaDsoo 0f 0.8, collected by centrifugation for 15 min at 3000
g, and resuspended1® mM MES (pH5.5) with 10 mM MgS@for agroinfiltration. (Yang et
al., 2000). Equal volunsof each bacterial solutiofgorresponding to differemdgrobacterium
strains carrying eithdf 3 6 SD@lHh or Rosed) from each test tube weoembined to make
inocula with different constructs.

Approximatelyl00¢eL of bacterial suspension was injected into anthurium spathes using
a 1mL plastic syringe (with a needlekile a needlelessyringe was used to infiltrate.
benthamiandeaves. Each treatment injection sitastypically 3i 4 cn? in infiltrated area
After agroinfiltration, detached spathes or plants with intact spatheglaesdunder
fluorescent lighting at room temperatungless they were used for LED experiments as stated
above
Anthocyanidin identification via high performance liquid chromatography (HPLC)
Extraction

The methods for anthocyanidin identification were adapted from previous work on
flavonoid analysis of purple pitang&ygenia unifloral.) (Wheeler, 2013).For each spathe,
approximately 1.5 g of tissue was ground into a fine powder with liquid nitrogen.
Approximately 1.0 g of pulverized tissue was placed into a 20 mL scintillation vial and 10 mL of
acidic methanol solution (96% methanol, 3% formic acid, 1#4etot) was added, vortexed for

30 sec, sonicated in an ice bath for 20 min, then allowed to settle on ice for 5 min before
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pipetting the supernatant into a 50 mL Falcon tube (Corning Inc., Tewksbury, MA). The addition
of acidic methanol, vortexing, soniaati, and collection of supernatant was repeated two more
times, yielding approximately 30 mL of extract. Subsequently, the extract was centrifuged at
4000 rpm for 15 min at 4eC, the supernatant w
(Environmental Expres, Charleston, South Carolina) anddaied with compressed air
overnight.

Prepurification

The extract was prpurified with a hexangvater partition to remove lipophilic
compounds. The dried extract was resolubilized in 5 mL hexane and 10 mLdligtitier. The
mi xture was vortexed, sonicated, then centrif
agueous layer contained the flavonoids and was pipetted to a new 50 ml Falcon tube. The upper
hexane layer containing the lipophilic compounds wasatded. The addition of 5 mL hexane
to the aqueous extract, vortexing, sonication, centrifugation, and transfer of the aqueous layer to
a new 50 mL Falcon tube was repeated twice. The aqueous extract containing flavonoids was
air-dried for at least 30 mito remove residual hexane. The extract was brought up to a 30 mL
volume with distilled water and loaded onto two S C18 silica cartridges (Part No.
51910, Waters, Milford, MA), attached in tandem, and preconditioned using 10 mL ethyl acetate,
10 nL MeOH, and 10 mL 0.01 N HCI. After loading the extract into the cartridges, 6 mL 0.01 N
HCI was passed through the cartridges to remove free sugars. The cartridges were dried for 30
min by attaching directly to a streamMfgas. After drying, flavono&lother than anthocyanins
were eluted by passing 6 mL ethyl acetate through the cartridges. Anthocyanins are insoluble in
ethyl acetate and remain bound to the solid phase. The anthocyanins were subsequently eluted

into 20 mL scintillation vials using 0.1%v MeOH/ HCI. All solvents were passed through the
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cartridges at the recommended flow rate of 1 mL per min. The eluted anthocyanins were air
dried overnight with compressed air.
Hydrolysis

To simplify flavonoid identification, acid hydrolysis wased to remove sugars from the
anthocyanins and convert them to their anthocyanidin aglycones, allowing for complete
separation and accurate identification with external standards (Zhang et al., 2004) -dFieel air
extract was hydrolyzed at 85in 2 mLof 1.2 M HCI 50% v/v aq. MeOH for 90 min, in a glass
reaction vial (Thermo Fisher Scientific, Waltham, MA) wrapped in foil, and heated on a dry heat
block, Subsequently, the solution was placed on ice to cool down to room temperature,
transferred to 20 mkcintillation vials, neutralized to pH 7 with 1.2 M NaOH, anddzied
overnight with compressed air.

Sample Preparation

Samples were prepared for HPLC by resoiming the airdried sample iri mL 10%
formic acidand1l mL 1.2 M HCL 50% v/v aqueous M&D After the sample was completely
dissolved, 1 mL of the solution was transferred to a 1.5 mL microcentrifuge tube and centrifuged
at 14,000 rpm for 2 min. Subsequently, 0.5 mL of the supernatant was transferred to a new
microcentrifuge tube and centrged at 14,000 rpm for two min. Then 0.4 mL of the
supernatant was transferred to a 0.5 mL microcentrifuge tube, centrifuged at 14,000 rpm for 20
min, and used for HPLC analysis.

Anthocyanidin Standards

Stock solutions of the anthocyanidin standardangeinidin chloride, cyanidin chloride,
delphinidin chloride, peonidin chloride, and malvidin chloride (Extrasynthese, Lyon, France)
were prepared at a concentration of 1.0 mg/mL by dissolving in HPLC grade MeOH, and stored
at-80«C. To prepare standardsrfHPLC, equal volumes of anthocyanidin stock solutions were
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combined, dried in a rotary evaporator, and dissolvedliri solution of..2M HCI/50% MeOH
: 10% Formic Acidlas was done in the preparation of sample extracts).

HPLC Analysis

Chromatographic separation was carried out on a high performance liquid
chromatographer (HPLC) Waters 2695 (Waters Corp., Milford, MA) equipped with a Waters
996 Photo Diode Array autosampler (Waters Corp., Milford, MA). The column used was an
XBridge™ PEPTIDE XB-C18 column (3.5 um particle size, 130 A pore size, 2.1 mm x 20 mm)
attached t@n XBridge™ BEH C18 VanGuard Cartridg8.5 pmparticle size 130Apore size
2.1 mmx 5 mm) column guardWaters Corp, Milford, MA) Injection volume was 10 uL of
sample which was loaded and injected by the autosampler. Samples were eluted with a gradient
mobile phase consisting of A (10% v/v formic acid in water) and B (100% MeOH) at a constant
flow rate of 0.6 mL/min. The gradiefor analysis of anthocyanins was programmed fi®%

B from 0 to 1 min, 10% to 25% B from 1 min to 5 min, 25% B from 5 min to 12.5 min, 25% to
10% B from 12.5 to 14.5 min. Conditions were then equilibrated to initial solvent conditions
with 10% B from 3.5 to 19.5 minUV-Vis absorbance spectra were monitored from 200 to 600

nm and the peak area was analyzed at 520 nm.

Anthocyanidin identification via thin layer chromatography (TLC)

Anthocyanidins were extracted usitig method oKuehnle et al., 1997 with slight
modifications. Anthurium spathe tissues (0fegh weighjwere cut into 22 mm strips, placed
into 15mL glass test tubes with screw caps (P§nex.9825), with 3 rh of 3 N HCI and placed
in a water bath at 1@0 for 60 min to remove sugars from the anthocyanins via acid hydrolysis.

The liquid was transferred to 19.nfkalcon tubes (Corning Inc., Tewksbury, Ma)d

82



centrifuged at 3000 rpm for 15 min. The supernatant was poured into new 15 mL Falcon tubes
and2 mL of ethyl acetate was added to the solutions in each tlibe.tubes were vortexed then
centrifuged at 3000 rpm for 3 min. The bottom aqueous (acid) fraction was carefully pipetted
into new 15 mL Falcon tubes, 200 pL of amyl alcohol was added tagtieous fraction, and the
tubes were vortexedlhe amyl alcohol layer (i.ethe upper layer containing the anthocyanidins)
was collected into taL microcentrifuggubes, and the solution was completely dried with
compressed air in the fume hood. The gl@swere storedt-80aC until ready for thin layer
chromatography (TLC). Prior to TLC analysis, the dried samples were redissolvedLn 20

HPLC grade MeOH.

Stock solutions of anthocyanidin standards, cyanidin chloride, pelargonidin chloride,
delphinidn chloride, peonidin chloride, and malvidin chloride (Extrasynthese, Lyon, France)
were prepared at concentrations of 1.0 mg/mL by dissolving the standards in HPLC grade MeOH
and stored a80aC. Prior to TLC analysis, anthocyanidin stock solutions wéutedl 1:1 with
HPLC grade methanol. Anthocyanidins and reference standards weheoocasatographeldy
TLC on plastiebackedcellulose TLC plates (Plastiwacked cellulose (fibrous), 20 X 20 cm, 100
um, Miles Scientific, Newark, Delaware). Premeasuredkebor standard and sample spotting
were made on the TLC plates with a soft B pencil and ruler, keeping the spots 1.0 cm apart,
starting at 1.0 cm from bottom, left, and right edge. Two pl of anthocyanidin standards and 2 to
4 ul of sample were spottechdhe TLC plates and allowed to dry for 10 min or immediately
placed into the solvent HCl/formic acid/8, 3:30:10 (Irani and Grotewold, 2005; Obsuwan,

2006) for 18 min. Rf values were determined.
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RESULTS
Transient expression on detached spathes

Spathes of O0Mari an SE &0 @eévéoped blehgedareasdfi | t r at
varying size close to wounding sites 48 hrs after infiltration, while control plants that received
only infiltration buffer showed no color change (Figure 4.1).

Five seéctions with a wider range of spathe colors were infiltrated with the following
treatments: agroinfiltration with 3 6 Sagrbinfiltration withoutr 3 6 5add-bnly infiltration
buffer (Figure 4£). Agroinfiltration withoutF 3 6 Bvashhcluded to determenf color change
results fromAgrobacteriuninfection alone. Results were variable among selections. Selections
UH2307 (Figure £ A, B, C) and UH2237 (Figure 2D, E, F) did noshowany color change
for all treatments, with the teer exhibiting wagr soaking at sites infiltrated withgrobacterium
(Figure 42 B and C). Ble-hued areas were observed on spathes agroinfiltrated with or without
F 3 6 5idWHH2010 (Figuret.2 H and I). Althoughselections UH2555 (Figure2J, K, L) and
UH2008 (Figure4.2 M, N, O) exhibited color changes only in spathes infiltrated with 6 5 6 H
color changes were mopeonouncedn UH2008 (Figire4.2 O).

The effect of the structural geRe3 6 5ndhid presence of the transcription factodila
andRosedAwas examined in spathes of3andMe wearesad 6 and
Nicotiana benthamianplants were also infiltrated for comparison (Figur®) 4 The treatments
were as follows. buffer control, agroinfiltration withF 3 6 5D&lth, or Rosed separatelyand
agroinfiltrationwith all three:F 3 6 5D&lth andRosed. In6 New,bEcal or change w
observed approximately 6 days after infiltration at the sit@sfilifation with Delila alone
(Figure 43 C) or the combination df 3 6 5Délith andRosed (Figure 43 E), while spathes

infiltrated with only buffer (control)F 3 6 50dRtsed (Figure 43 A, B, D) did not result in
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any color change at the sitesimfiltration. In UH2008,no color change was observed at the
sites of infiltration for buffer control (Figure4lA), although slight blue coloratiathevelopedn
several areas in spathes infiltrated solely WwitB 6 ®riRbised, and the combination &30 5 6 H
Delila, andRoseda (Figure 44 B, D, E). Weak blue coloration was observed near a wound site
for the selection spathe agroinfiltrated widklila (Figure 44 C). InN. benthamianaesponses
were similar to ONew Er abd. Col or cDeldange was
(Figure 45 C) and the combination &f 3 6 5D&lth andRosed (Figure 45 E) 5 days after
infiltration while the buffer (control)i 3 6 bodRdsed (Figure 45 A, B, D) did not result in
any color change at the sites of infiltration.
Pinks pat hed &6New Eradéd and OMari &8 6 SDel#af urt ho
andRosea4 to further examine transient expression of all three genes combidetaained
spathes (Figure @). Nine days after infiltration, no color changes were observed, but browning
at sites of injection was observed for all tr
HPLC chromatograms for anthocyanidin extractsolgain f r om t he i nNewl tr at ed
Er éFigured7) and O Mar i ared.8 shenfaccunulatidon of dyanidin. No
delphinidin was detected in any of the treatments.
Subsequentlyexperiments were conducted with the different treatmentssorgke
spathe to reduce biological variatianMa r i an,0 S & &R a 8-85hUH1585 3H2282,
UH2081, UH1992 and UH2172 were infiltrated with the following treatments on each spathe:
buffer control agroinfiltrated withowdolor constructsagroinfiltrated withDelila, and
agroinfiltrated with the combination &f 3 6 5D&llth andRosed (Figure 49). No color
change was observe@d 1{852tHH1IA &H2084, randdEelO92atr t h

injection sites approximately 12 days aft#filtration (Figure 49 A, C, D, F, G). Infected sites
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developed browning at sites of injection. UR2189 pink coloration was observed in the site
agranfiltratedwithout color construct@-igure 49 B). Pink coloration was alsdetectedn
UH2282 (Fgure 49 E) at the sites of infiltration for the buffer contrDlelila, and the
combination o 3 6 SD&lith andRosed. Faintblue coloration was observed close to needle
wounding spots foDelila infiltration on UH2172 (Figure 9.H).
Transient expression on attached spathes

The structuralgene 3 6 wald i nf il trated into spathes
changes while the spathes remained attached to the plant, allowing for normal respiration. No
color change was observed for any oftileatments (Figure 20). However, lbowning of
spathe tissueat sites of injection was observed for all treatments due to needle wounding
(Figure4.10A, B, and C)n both agroinfiltratiortreatmentsbrowning extendetieyond the
injection siteqFigure 4.10B and C).

We tested infiltratiorwith the structural gene 3 6 Srdd Hranscription factof3elila and

Rosedi nt o spathes of ONew Eradé (Fi gu9%daysdfterl 1) .

infiltration for the control spathe at tivgection site(Figure 4.11 A). No color change or
increase in pigmentation was observed for both the spgtioinfiltrated without color
constructsaand the spathe infiltrated with the combinatiorra® 6 5D&lta and,Rosed (Figure
4.11 B and C). Hoewer, browning at sites of injection was observed for both treatments with
Agrobacterium HPLC chr omat ogr ams f or al IFigurerdd@shomeeint s
peaks with similar retention times foyanidin and pelargonidinN. benthamianavas used aa
control andcolor change was observed at the sites of infiltration wigh 6 5 DBella, and

Rosed 4 days after infiltratiorfFigure 4.12 C).Infiltration with only buffer (control), or

Agrobacteriumwithout thecolor constructslid not result in any color change at the sites of
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infiltration (Figure 4.12 A and B)HPLC diromatograms foN. benthamiandFigure 4.14
showedno accumulation of anthocyanidins. No delphinidin was detected for the any of the
treat ments f or Ndenthdmeama. 6 New Er ad or

Spat hes of oOMarian Seefurtho FBedrmaidH nf il trat
transcription factor®elila andRosed andobservedor color change foup to 17 days. No
color change was observed but browning at sites of injection was seen for all treatments seven
days (Figure 4.15 A, BZ) and17 days post infiltration (Figure 4.15 D, E, F).

Effect of spathematurity on transient expression

The effect of spathe maturity oransient expression &f 3 6 Swaskxaminedon
immature one week after unfurlinggndmature approximately three weeks after unfurljng
spathes of UH1688. Blue coloration developed close to wogrsites on botimature (4.16 B)
andimmaturespathe (Figure 416 D) infiltrated withF 3 6 5 &lddcolor change was observed
for the buffer control of botmature (4.16 Apndimmaturespaths (Figure 416 C).

Transient expression of different treatnmgeah the same spathe was testedatureand
immaturespathe® f UH 1 6 1,8 , a nodN i.UTHelé@I@vehg treatments were infiltrated
into each spathe: buffer control, agroinfiltrated withoalbr constructsagroinfiltrated with
Delila, and agroinfiltrated with the combinationf3 6 5D&lta, andRosed (Figure 4.7).

No color change washgerved at injection sites for all treatments in botmatureandmature
spathes of UH1618 and UH1688 approximatedylays after infiltration (Figure 471A, B, E,
F). Browning was observed in all sites infiltrated with the different straiAgjafbacerium
Faintblue coloration was observed close to needle wounding spots for buffer infiltration

(control) on spatmCeandDphf O6Nittad (Figure 4.1
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The effect of LED on color development

Detached spathes of UH218&re infiltrated with the following treatments on each
spathe: buffer control, agroinfiltrated withaglor constructsand agroinfiltrated with the
combination o 3 6 5 [Bela, andRosed (Figure 418) and placed under eithrl spectrum
LED for vegetative growth or under red spectrum enriched LED for budding and flowering.
Although ro blue pigmentation was obsery@ttreased red areas of colorataevelopedwo
weeks later for all infiltrated sites on UH2188athes unddull spectrumor red sgctrum
enrichedLED (Figure 418). However, the red pigmentatiaras more intensenderthered
enhanced LED (Figure 88 B). TLC analysis demonstrated thmat delphinidin was present, and
only cyanidin was present for all three treatmentdih2189 (Figure 4@, Table 4.1)

Two weeks after infiltrationno blue pigmentation was observedatachedd New Er a 6
spathedreated withbuffer control, agroinfiltrated withowtolor constructsard agroinfiltrated
with the combination off 3 6 5D&lita, andRosed (Figure 419). Browning of injections sites
was observed, with more pronounced browning of infiltrated areas for kthe w spatha 6
under theull spectrumLED (Figure 419 A). The spathe undetheredspectrurrenriched LED
(Figure 4.19 Bhad a deeper pink color compared to the spathe tineléull spectrunLED
(Figure 419 A). TLC analysis demonstrated that only cyanidin was present for all three
treat ment s i n andtNano élphinait was getedtedrigse 4.4, Table 4.2)

In another experiment, detached spathes of UHR488 infiltrated with the following
treatments on separate spathes: buffer control, agroinfiltrated withloutconstructsand
agroinfiltrated with the combination &f 3 6 5D@lth, andRosed (Figure 4.2), placed under
red spectrurenriched LED andobserved for up to three weeks. Browning at the sites of

wounding by the hypodermic needle was observed two days after infiltration for all treatments
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(Figure 4.2 A, B, C). Spathes for all treatments appeared to have darker overall pigmentation
approxmately eight days after infiltration and exposure to red speetnmched LED lighting
(Figure 4.2 D, E, F). Furthermore, browning of infiltrated areas was observed for both
agroinfiltrated treatments (Figure 2.2 and F), but browning was more extemsior spathe
tissue agroinfiltrated withowtolor constructgFigure4.22 E). Darker red pigmentation was
observed on all spathes approximately three weeks after infiltration (Fig@r&4k2 1). In the
control spathe infiltrated with only buffer, tharker pigmentation was limited to the physical
wounds created by the hypodermic needle (Figur2 @)2 Darker pigmentation extended
beyond the injection wound into the infiltrated tissue for spathes infiltratedAgitbbacterium
without color constructgFigure 4.2 H) and infiltrated with the combination &f3 6 bD&lH,
andRosed (Figure 4.2 1).
Sonication effects

Sonication wasttempéed to enhanc@grobacteriumnfection and potentially transient
expression in infiltrated spathe6. Pume hanadé spathes remained att a
infiltrated with the following treatments on separate spathes: buffer control (Fig@)e 4.2
agroinfiltrated withoutolor constructgFigure 4.2), and agroinfiltrated with the combination of
F36 5 @Dlila, andRosed (Figure 4.3). The spathes were sonicated in distilled water for 1
minute after infiltration. Slight bleicolorwas observed on the right middle portion of the buffer
control spathe (Figure 4322). From colored sections on tepathes, microscopic observations
were made, andetls of lighter color were seen in the cross sections (taken approximately 2 days
after infiltration) (Figure 4.2B and C). No color change was observed for the treatment with
the Agrobacteriumwithout color constructsvhen the spathe and cross sections were examined

(Figure 4.2 A and B). Bluecoloration was observed at the tip and the middle part of the spathe
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infiltrated with the combination d&f 3 6 5D&lith, andRosed after one day (Figres4.27 A and
C) and three days (Figure 8.E). Cells of lighter color were seen in the cross sections (Figure
4.25B, D, and F).
The pigments from different sections on ea
infiltration treatments were extracted andlgned by TLC against known anthocyanidin
standards. TLC analysis demonstrated that only cyanidin was present for all three treatments

(Figure4.3, Tabl e 4. 3). Del phinidin wvwas not detec

DISCUSSION

Transient transformation is an alternataggproacho stable transformation foapid
examination of heterologous foreign gene expression. A small fraction (if any) of introduced
DNA will be incorporated into the host chromosome, and the remaining upareted
expression can be detected 3 hours after delivery, can reach a maximum expression after
between 18 and 48 hours, and can last for 10 days (Abel and Theologis, 1994; Jones et al., 2009).
Transient transformation via agroinfiltration is usefulittentifying suitable hosts for stable
transformation with color constructs and has been successfully used in rose and lily (Zeinipour et
al., 2018; Fallahpour et al., 2022). In this study, we examined agroinfiltration for transient
expression of the strtural gene- 3 6 @r@d lthe transcription factoBelila andRosed in
anthurium.
Transient expression on detached spathes

In this study, we first examined transient expression in detached spathes of anthurium as
in other studiesvhereplant parts were detached for transient assays (Yasmin and Debener, 2010;

Hosein et al., 2012; Hussein et al., 2013; Pinthong et al., 20ldpd# et al., 2018Fallahpour
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et al ., 2022). Transient expression seemed p
Seefurth,d UH2010, UH2 555 ,F 3abnféiagtitesiL1BGBd 42 r oi nf
L, O); ONew Er a, Oagrdinfilrétedl &ithDekllan(igurdsH18 C, 742 C, and
4.9 H); and UH2008 agroinfiltrated wiRosed ( Fi gure 4. 4 D) . Further
UH2008 also had blue coloration when agroinfiltrated with the combinatibrn3ob 5D&lHa,
andRosed (Figures4.3Eand44EhQh Mar i an Seefurthd in a separat
produce blue coloration when agroinfiltrated witt8 6 FFigtte 4.9 A) as was seen in the
earlier experiment (Figure 4.1 B). Blue coloration inAlggobacteriumcontrol for UH2010 was
unexpected, since the spathe was infiltrated without the color gene or transcription factors
(Figure 4.2 H)
Transient expression on attached spathes

We examined transient expressioraitached spathes of anthuriumobserve color
changes while the spathes remained attached to the flantrary to the blue coloration we saw
in detached spathéBigure 4.1 B, 4.3 C and E)o color change was observed &tached
spathesob New Er ad a g rFo3ionfFagtte 4.10aC) ar algrowfiltratdéd with the
combination of 3 6 5D&lHh, andRosed (Figure 4.11 C).Also, no color change was
observed foattached spathes6fMar i an Seefurthdéd agroinfiltrate
F 3 6 bDielith, andRosed even though welserved the spathes for up to 17 days post
infiltration (Figures 4.11 C). HPLC chromatograms also confirmed that no delphinidin was
presentin the attacle s pat hes of ONew Erad agroinfiltrate
Effect of spathematurity on transient expression

Not many studies have been reported using differexturity stagedor transient assays

in anthurium, but Hosein et al. (2012) examined the transient expres$iajpiumfuronidasen
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anthurium leaf tissue at different stages of developn&agg 1, young, unopened leaves; Stage

2, fully expanded young leaves (floppyhidaStage 3, fully expanded, mature and firm lepves

and reported that stage 2 leaf tissue gave the highest transient transformation effiteency.
examine the effect of spathe age on transient expression of color genes, we infiltratediyider (
unfurled spathes approximately three to four weeks after unfurdind)younger spathésewly

unfurled spathes approximately one week after unfurling) of different anthurium
cultivars/selections (Figures 4.16 and 4.17). Although we used spathes insteadsofdleaue
transient assays, the age of the older spathes and the younger spathes correspond to leaf
development stages 3 and stage 2, respectively, in the study by Hosein et al. (2012). Transient
expression seemed promising when blue coloration appeabedh older and younger spathes

of UH1688 agroinfiltrated witlr 3 6 FFigtte 4.16 B and D). However, both older and

younger spathes of UH1688 did not produce blue coloration in a separate experiment when
infiltrated with the combination d&f 3 6 5D&lith, andRosed (Figure 4.17 E and F).
Unexpectedly, both olderandyauye r spat hes of ONittadé infiltra
produced blue coloration despite the lack of the color gene or transcription factors (Figure 4.17 C
and D). I n the color pathway, DFR i s the nex
intermediate product (leucodelphinidin) into delphinid®ollette et al. (2004) conducted studies

on the regulation of the anthocyanin biosynthesis pathway in anthurium spathes and found that
DFR transcript levels varied significantly in the stages thénelé and examinedi, flower not
yetemerged; stage Hpwer is firstvisible; stage 3flower protrudes from the protecting leaf

sheath; stage flpwer peduncle elongated but the spathe tightly furled; stagkeespathe is

half unfolded; stage 6he spathe is fullgxpanded, but the flowers have not dehisced (newly

open).Forther ed ( 6 Al tard) and an orange (O6Atl antad)
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highest when the spathe first emerges (stage 2) and protrudes from the leafsthgatB),
while for pink o6Lido, 6 DFR transcripts were h
(Collette et al., 2004). The immature stage in our studies was one week later and four weeks
later for immature and mature spathes, respectively,mpadson to stage 6 in the study by
Collette et al. (2004). Perhaps the age of the spathes we used were no longer producing DFR and
this might explain why we did not see reliable transient expression of the constructs in our study.
Blue coloration due tosenescence of anthurium spathes

The tissue bluing we observed for some of the agroinfiltrated spathes was difficult to
repeat. In some cases, very small blue spots instead of large areas appeared near sites of
wounding from needle punctures. Perhaps blwas associated with tissue senescence as a
result ofAgrobacteriumnfection. Bluing was reported in studies of physiological changes
associated with senescence of cut anthurium flowers and was attributed to an increase in tissue
pH due to the releasé 0 a mmo n i u mamino acid$ (Panlhet al, 1985). Phenolic
compounds also increased durgenescencand could have intensified the color change in
anthurium spathes through-pgmentation (Paull et al., 1985). Changes in tissue pH during
serescence has also been noted in other flowers (Halavey and Mayak, 1979) with simultaneous
tissue bluing as seen in roses (Asen et al., 1971; Weinstein, 1957) geranium (Stewart et al.,
1975), andarkspur (Asen et al., 1975).
Cultivar selection for transient expression

The selection of a suitable host for the accumulation of delphinidin is a key step for
flower color modification through genetic engineering. Overall in this study, the results of
agroinfiltration with the= 3 6 Grdd itanscription facto@elila andRosed were inconsistent.

If the genes of interest are functional, perhaps a more expansive survey of anthurium cultivars
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needs to be assessed, as we have yet to find a suitable anthurium cultivar for consistent
expression of the color constructs. Brugliera et al. (2013) used HPLC and feeding studies with a
delphinidin precursor to identify 16 cultivars out of 75 for potdrdelphinidin accumulation.
Katsumoto et al. (2007) used flavonoid analysis and pH measurements on 169 rose cultivars to
select suitable hosts for their studies. Agroinfiltration was investigatedsa hybridas a
rapid and reliable method to ass#ssfunction of flower color genes and to find suitable hosts
for stable transformation (Zeinipour et al., 2018). Of the 30 rose cultivars agroinfiltrated with
color genes, ectopic expression of the genes was only detected in three cultivars withatkark pet
after 68 days (Zeinipour et al., 2018)Red, yellow, orange, and white cultivars did not show
blue coloration.
The source ofexogenous genes

The level of expression of a foreign gene in a target species is unpredictable, and the
activity of the gees in the native plant may not be the same as in a transgenic plant (Togami et
al., 2006). In our study; 3 6 Grdd itanscription factonSelila andRosed were tested for
transient expression in various cultivars of anthurium. Transient expression of these genes was
inconsistent in anthurium, leaning more towards-humttional transient expression. Expression
via color change in tobacco was consistentoioth the structural gefre3 6 ®rdDElila alone, or
F 3 6 bDilith, andRosed in combination. The introduction of an exogenous gene does not
guarantee heterologous expression in the target host. The expredsi8ndofyénét from
petunia, gentian,rdoutterfly pea in rose resulted in no or little delphinidin accumulation in the
petals of transgenic plants, even though these genes were shown to be functional in petunia,
carnation, and yeast (Tanaka et al., 2009). On the other hand, genetic transfiooimase

with a pansyViola spp) F 3 6 Hénéiresulted in a considerable accumulation of delphinidin in
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flower petals. Noda et al. (2013) reported unpublished data, where cDNAs from various plants,
including Petunia hybridgpetunia),Lavandulasp. {(avender) oClitoria ternatea(butterfly

pea), under the control of tiNicotiana tabacunelongation factor U(EF-1 Ypromoter failed

to yield chrysanthemums with delphinidgaeccumulating flowersFurther investigation of

F 3 6 Ferived from various plants, and under the control of chrysantheratakspecific

CmF3H promoter led to theetermination thahe Lobeliaerinus(lobelia) andGentianatriflora
(gentian)F 3 6 i@ mbt result in delphinidin production in chrysanthemumRtg 6 Slérived

from Pericallis hybrida(cineraria) and/erbena hybridgdverbena) showed moderate delphinidin
contents, and the 3 6 Sr@nHCampanulashowed the highest delphinidin accumulation (Noda

et al., 2013; Sasaki and Nakayama, 2015).

The inconsistent transient expression in anthurium may be due to the transcription factors
not deriving from a monocot species. Ggmbidium dicot transcription factors were not as
effective for transient expression in comparison to transcription factors originating from other
monocots (Albert et al., 2010). The monocot bHLH transcription faetaf colorand MYB
transcription factor€olorless1(from Zea maysandAaMYB1(from Anthuriumandraeanum
produced pale foci when bombarded into cymbidium individually. In contrast, the dicot bHLH
transcription factor®elila (from Antirrhinum maju¥ andMutabilis (from Petunia hybrida did
not produce any pigmentation, while the MYB transcription fadwr®al (from A. majug and
AnthocyaninZfrom P. hybridg produced much fewer colored foci in compariso€tdorlessl
andAaMYB1

AlthoughAaMYBl1is native to anthurium, it may not have been expressed at the stages of
the plant material in our transiensags Transcripts oAaMYB1peaked early in spathe

development before unfurling, and declines throughout the later stages of spathe development as
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seen in anthurium 06AIl t art@ansfor@ationlofaMYBlglong2witio 2 ) .
Delilaand F 3 & 5nto lAnthurium spathes may produce color changes. Other possible future
transient studies could include monadetived transcription factors and structural genes.
However, the same result fBaMYB1lin cymbidium may not be seen in anthuriunmcsi the
expression profile foAaMyblappears consistent with a role in regulating flavone accumulation
and not anthocyanin (Collette, 2002).

Anthuriums are monocot species, and it is likely that the endogenous MYB anthocyanin
regulatory transcription fagts aremore similar to MYB genes @ncidiumandPhalaenopsis
orchids OgMYB1, psUMYBGnd maize 1), rather than those from petunidan? and
Antirrhinum (Rosed) (Chiou and Yeh, 2008; Ma et al., 2009; Albert et al., 2010). The
nucleotide sequences of monocot transcription faétaiybl OgMYB1 andPsUMYBG6are
moresimilar toC1 from maize than transcription factoks2andRosed from dicot species
(Albert etal., 2010). Furthermore, motif 6 found in dicot anthocyaegulating MYB proteins
does not exist iMaMYB1 OgMYB1 PsUMYB6 andC1, signifying a divergence between
monocot and dicot anthocyanin MYB transcription factors (Stracke et al., 2001; Albert et al.,
2010). In the work by Albert et al. (2010), the difference in the number and intensity of colored
spots in their transient assaypay indicate the affinity of monocot MYB transcription factors
over dicot MYB transcription factors f@ymbidiumbiosynthetic gene promoters (Albert et al.,
2010).

Multiple geneconstruct

Another factor which may contribute to the inconsistent transient expression results in

our study is the use of single gene constructs. In this §t8lY 5D&lth, andRosed were

placed in separatnstructsand in separat@grobacteria Transient expression usifig3 6 5 6 H
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alone in anthurium may be difficulb assessjepending on the endogenous pigment present in
the tissue, and may require the combination of transcription factors (MYB/BHLH complex) and
F 3 6 HoGndrease anthocyaningauction(David Lewis, Plant and Food Research, New
Zealand, personal communicatiordeinipour et al. (2018) found that the multigene construct
pBIH-35SDel2 (containingCommelina communis 3 6 STorehia fournieriDFR andANS
(anthocyanirsynthas®i n t he r os e Pocwelrtéi vsahro woeRdu rtphlee most s u
combination for transient expression studies. Zeinipour et al. (208@)eported that the
multigene constructsBIH-35SDel2 produced more delphinidin than thBIH-35SCc F3bdH
construct which containeahnly C. communig= 3 6 5 Bekhaps a multigene construct containing
F 3 6 bDelith, andRosed could have allowed for consistent synchronous expression in our
study and the potential production of delphinidin in anthurium.
Selection of a suitable promoter to drive the expression of the transgene

Selection of a promoter is another crucial factor for successful genetic transformation,
since it regulates the expression of the transgene and the specificity of expression issasge
(Roy et al., 2000; Shah et al., 2015; Teixeira da Silva et al., 2015). Promoters can be categorized
into constitutive, inducible, and tissgpecific promoters. Constitutive promoters initiate
transcription of a gene in all tissues at all timeducible promoters are signaled to activate
transcription of a gene in response to a stimulus such as hormones or stressspecifice
promoters control gene transcription in particular tissues in accordance with developmental
stage. (Shah et al., 28). The cauliflower mosaic virus CaMV35S promoter is a constitutive
promoter used extensively to regulate heterologous genes in genetic transformation studies
(Chandler and Tanaka, 2007). Some crops successfully transformed with the CaMV35S

promoter fomovel color include carnation, rose, and torenia (Mol et al., 1999; Fukui et al., 2003;
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Katsumoto et al., 2007; Suzuki et al., 2000). However, the CaMV35S promoter is not always
bestsuited for producing the desired results of transgene expressioexdfople, the

CaMV35S promoter is silenced by methylation in gentian (Mishiba et al., 2005). Brugliera et al.
(2013) reported that a panBy3 6 geénélunder the control of a chalcone synthase promoter
fragment from rose was more significant than the CaMB/Bomoter for production of

delphinidin in transgenic chrysanthemum flower petals. TransformatiNicofiana

benthamianavith the transcription factoi@elila andRosed under control of the CaMV35S
promoter resulted in stunted plants with anthocyamirall parts, while transformation of the

same genes under the controFtdral Binding Protein 1(FBP1), a flowerspecific promoter

from petunia, resulted in purple flowers in normal growing plants (Fatihah et al., 2019). GUS
activity was reduced to very low levels 1 year after transformatichrysanthemums

transformed with the GUS gene under the adrif the CaMV35S promoter (Takatsu et al.

2000). Alternatively, thélicotiana tabacune | ongat i on -1fUsdc tgoern el pU o(nbR er
reported to efficiently promote GUS expression in chrysanthemums when compared to the
CaMV35S promoter (Aida et al., 26D Although Aida et al. (2005) reported efficient GUS
expression usingthe EFU pr omot er , Noda et al. (2013) rep:
introduction ofF 3 6 £OBNAs from various plants, includirgetunia hybridgpetunia),

Lavandulasp. (lavendr) orClitoria ternatea(butterfly pea), under the control of the-EFU

promoter did not result in delphinidin accumulation in transgenic chrysanthemum flowers. Noda
et al. (2013) further tested the constitutive promoter CaMV35S and six anthocyanintietisy

gene promotergderbera hybridggerbera) chalcone synthase ge@ely, roseCHS Rosa
rugosa(rugosa rose) dihydroflavonotréductase gen®ER), rugosarose flavanone-3

hydroxylase geneé=@H), pansyF 3 6 BB4M, chrysanthemum flavanondgdroxylase
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(CmF3H)], each fused to a pangy3 6 ®£BNA and transferred to chrysanthemum plants. They
determined that the petapecificCmF3Hpromoter gave the highest level of delphinidin
accumulation (Noda et al., 2013; Sasaki and Nakayama, 2015).

The CaMV35S promoter has been used for stable transformation studies in anthurium,
primarily for the introduction of disease and pathogen resistance genes, but not genetic
transformation for color modificatiofChen and Kuehnle, 1996; Chen et al., 1997hdle et
al., 2004).Hosein et al. (2012) used the CaMV35S promoter for optimizatidgadbacterium
mediated transient studies in anthurium but used GUS gene expression as an indicator.
Matsumoto et al. (2013) evaluated different promotgtsquitin 2, Actin 1, Cytochrome C1
from rice,Ubiquitin 1from maize and CaMV35S) via transient expression of the GUS gene as
well but by particle bombardment in leaf lamina, somatic embryos, and roots. Ubiquitin
promoters from maize and rice performed better baklVV35S and exhibited the highest GUS
expression in all tissues evaluated (Matsumoto et al., 2013; Teixeira da Silva et al., 2015). The
CaMV35S promoter was used for all the constructs in our stBdyhaps the use of a tissue
specific promoter or the idpitin promoter may have allowed for better transient expression of

the constructs in our studies.

Endogenousgene knockout or silencing

Agroinfiltration of F 3 & Sné@hthurium spathes was not conclusive for the transient
production of blue coloration in this study. Perhaps the endogenous genes in anthurium, such as
endogenou®FRor F 3 dmHich lead to the production of pelargonidin and cyanidin,
respectively, outampeted the exogeneobs3 6 ménéland prevented the production of

delphinidin. Optimization of exogenous gene expression for each species, the down regulation
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of endogenous genes in competing pathways and/or the selection of suitable hosts aretessential
achieve violet/bludued flowers by accumulation of delphinidin (Gion et al., 2012). For the
development of blue roses, Katsumoto et al. (2007) downregulated the enddgERaene in
rose via RNAimediated silencing and overexpressedtisexhollandca DFRgene (from
Dutch iris) in addition to the viole 3 6 Hénélresulting in roses that predominantly
accumulated delphinidin. Transgenic chrysanthemum expressing up to 80% delphinidin was
achievedoy hairpin RNA interferencenediated silencing of thendogenou& 3 égéhe, and
expression of the pan$y3 6 Heénélunder the control of a chalcone synthase promoter fragment
from rose (Brugliera et al., 2013). The expression of a pansy or pEtinid Hénéland the
petuniaDFR gene in white carnations thlacked expression of the endogenB#sR gene
resulted in transgenic carnations that exclusively produced delphinidin (Mol et al., 1999;
Chandler and Tanaka, 2007).
The effect of LED on color development

For some experiments, agroinfiltrated spathes wkreed either under full spectrum
LED for vegetative growth or under red spectranmriched LED for budding and flowering to
see effects of LED on transient expression. The selection UH2189 has blush spathes, but intense
red coloration was observed in aigifdtrated tissue under both blue and red spectrum LED
(Figure 4.18). The spathes under red spectrum LED (Figure 4.18 B) appeared to have darker red
pi gmentation than the spathe under the full s
cultivar with gnk spathes and is darker than UH2189. Darker pigmentation in infiltrated areas
of the ONew Erpdbospanhbed awerfonoUH2189. Howe
Eradé grown und e (Figureedd9 Bhadea ddepeupink dolér than thethea

grown under blue spectrum LEDBigure 4.19 A) Different light spectra are responsible for
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plant growth and production of secondary metabo{i@asvalho and Folta, 201¥aRed (600
700 nm) radiatioms required for photosynthesis andesponsibldor plant elongation
phytochrome responsead biomass accumulatioBchuerger et al., 199%pn and Oh, 2013;
Lee et al., 201 Blue (400500 nm) radiation represses elongatigrrequired for
photosynthesisgand is responsible for the productionsetondary metabolitg¢Sibbitts et al.,

1983;Son and Oh, 2013; Lee et al., 2014; Kopsell et al., 20G5en (500600 nm ) radiation

is not absorbed as intensely as red or blue light, but promotes photosynthesis by penetrating deep

in the leaf and plarcanopy(Terashima et al., 2009; Brodersen and Vogelmann,;20&06g and
Runkle 2020. Farred (700800 nm) radiation is responsible for stimulating shade avoidance
and controlling the production of anthocyani@afvalho and Folta, 2011bThe combinabn of
these wavelengths could have synergistic or antagonistic effects on plant growth (Meng and
Runkle 2020). In lettucésunmang & greater dose tlue radiation increased secondary
metabolite concentrations, whereas a greater dasa shdiationncreased shoot weight and
projected leaf aregson et al., 2017)Both the full spectrum LED and the redectrum enriched
LED used in this study had a combinatiorblfe, red, andgreen radiation. The photon flux
(umol/s) for the full spectrum LED wddue 5.24 umol/s, green 6.92 umol/s, and red 13.44

pmol/s. The photon flux (umol/s) for the red spectranmriched LED was blue 4.80 umol/s,

green 1.53 umol/s, and red 16.57 pmol/s. The presence of blue radiation from both LEDs may

have stimulated thproduction of anthocyanins in our study. Although the photon flux for blue
radiation was higher in the full spectrum LED when compared to the enhanced red spectrum
LED, the spathes of both UH 2189 and ONew
spectum LED (Figures 4.18 and 4.19). This may be due to the greater amount of green light

radiation in the full spectrum LED, antagonizing the effects of the blue radiation. Meng and
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Runkle (2020) reported intensi indreasingbluextkd col or a
ratios, and that substitutional green or fad radiation decreased the anthocyanin accumulation.
Zhang and Folta (2012) also reported increase
with increasing blue photon flux dengitand that the addition of green radiation reduced the
accumulation of anthocyanins.
Sonication effects

Agroinfiltration is useful for rapid examination of gene function but was not successful
for visual confirmation of transgene transient expressiauirstudies. Soybean is another crop
in which agroinfiltration was largely unsuccessful (Van der Hoorn et al., 2000; King et al.,
2015). King et al., (2015) improved agroinfiltration in primary leaves of soybean seedlings by
using sonication followed byacuum infiltration. Sivanandhan et al. (2015) reported higher
transient GUS expression (84% of explantsjuithania somniferaodal explants with a
combination of vacuum infiltration followed Isonication Sonicatiorfollowed by vacuum
infiltration resulted in high GUS expression in the leaf, male and female flowers, stem, and root
tissues in hempQJQannabis sativd..) (Deguchi et al., 2020). Sonication and vacuum infiltration
were reported to improvigrobacteriummediated transformation of cowpea, resulting in 93%
of explants having GUS expression (Bakshi et al., 2011). Oliveira et al. (2009) also improved
transformation efficiency in citrus by a combination of microwounding with sonication and
vacuumassistedhgroinfiltration. We attempted sonication followed by syringe infiltration, rather
than vacuum infiltration, to improve penetration and infection of spathe tissue with the
Agrobacteriunstrains carrying the constructs. The inclusion of sonication didleatly

i mprove the effectiveness of agroinfiltration
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coloration appeared the spathe agroinfiltrated with the constructs (Figure 4.25) and the control

spathe infiltrated with only buffer (Figure 4.23).

The addition of reporter genes such as GUS or GFP for transient expression in anthurium
Reporter genes such as GUsg(ucuronidasegor GFP @reen fluorescent protein) are

widely used in genetic transformation studies, as indicators of functional traresgeassion.

Even if anthocyanins may not have been readily visible in this study in anthurium, the addition

of a reporter gene such as GUS or GFP could potentially have helped to indicate functionality

and transient expression of the external genes. aAt,leeporter genes help to indicate if

transformation was successful. Color change due to transgene expression may be difficult to

visualize in colored tissue, further supporting the utility of a reporter @&néewis, Plant and

FoodResearch, New Zealand, personal communicatiSome studies report on positive

expression of transformed material solely based on reporter gene expression. The reporter gene

gusA(GUS has been used extensively as a confirmatory assay for plant tragiséorm

several species including orchids (Teixeira da Stval, 2011). Successful transient gene

expression was reported in the dendrobawttivar SoniaEarsakul after agroinfiltration with

constructs containing tlgusAgene (Pinthong et al., 28). Optimization of transient gene

expression in rose petals was evaluated via GUS expression (Yasmin and Debener, 2010). GUS

expression was used as an indicator for optimizatidranogient expression studies on anthurium

leaf explants (Hosein et a012). GUS is a destructive assay, while GFP expression is

nondestructive. GFP expression can be useful for examining gene expression most especially if

the wildtype plant material already expresses anthocyanins that could mask the visual

observation oflelphinidin expression. In the caselLdifum, cells expressing delphinidin were

not distinctively blue, making the distinction of gene expression difficult to observe without the
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help of GFP expression to indicate the specific cells with transiengaaaexpression (Qi et al,
2013). Likewise, Albert et al. (2010) employed GFP to confirm successful transformation and
transient activation of anthocyanin synthesis in cymbidium orchids bombarded with transcription
factors. Incorporation of GFP as a stédle marker in our research might have enabled us to
visualize even slight transient expressiofrd 6 5D&lith, andRosed through fluorescence

rather than depending on color change alone.
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Figure 4.1. Assessment of transient expressiofrd 6 ®&H 6 Mar i an Seefurth. 6
indicate injection sites with color change. (A) Buffer control. (B) Agroinfiltrated wiho 5 6 H

113



Agroinfiltrated withF 3 6 5 0 |

Agroinfiltrated without

Infiltrated with buffer only

IO

A rg

wy Py =
e \\.\!. L

- 7 g S\
s e P
\ '

P
s et

»>

Selection ID

UH2307

UH2237

114



UH2010

UH2555

UH2008

115




Figure 4.2. Agroinfiltration with F 3 & 5ag@rbinfiltration withoutr 3 6 Sadd-bnly infiltration buffer to determine if color change
results fromAgrobacteriumalone or transient expression of the structural geB8e6 5 BH2307 (A, B, C), UH2237 (D, E, F),
UH2010 (GH, I), UH2555 (J, K, L), UH2008 (M, N, O).
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Figure 4.3. Detecting transient expressionfof3 6 S5D@lth, Rosed and the combination of

F 3 6 bDelth,andRosedi n 6 New Er ad approxi maGradeby si x day
indicate areas of injection with color change. (A) Buffer control. (B) Agroinfiltrated with

F 3 6 5(6)Agroinfiltrated withDelila. (D) Agroinfiltrated withRosed.. (E) Agroinfiltrated

with F 3 6 SD@lith, andRose4.
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Figure 4.4. Detecting transient expressionfof3 6 S5D@lth, Rosed and the combination of

F 3 6 bDilith, andRosed in UH2008approximately four days post treatment. Circles indicate
areas of injection with color change. (A) Buftemtrol. (B) Agroinfiltrated withF 3 6 5(G)H
Agroinfiltrated withDelila. (D) Agroinfiltrated withRoseda.. (E) Agroinfiltrated with the
combinationF 3 6 SD®lth, andRose4.

118



Figure 4.5. Detecting transient expressionfof3 6 5D@lth, Rosed and the combination of

F 3 6 bDelith, andRosed in Nicotiana benthamianapproximately 5 days post treatment.
Circles indicate areas of injection with color change. (A) Buffer control. (B) Agroinfiltrated with
F 3 6 5(6)Agroinfiltrated withDelila. (D) Agroinfiltrated withRosed&. (E) Agroinfiltrated

with F 3 6 SD@lith, andRose4.
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Figure 4.6. Detecting transient expression bétcombination oF 3 6 bD&lith, andRosed in
detached New E©G&Mar a aad afpeorirhately hire dlaysost treatmentd New : Er a 6
(A) Buffer control; (B) Agroinfiltrated withoutolor constructs(C) Agroinfiltrated withF 3 6 5 6 H
Delila, andRosed. 6 Mar i an S e eohtnd;r(E) Agooinfiltrat&d)withBuicbldr e r
constructs(F) Agroinfiltrated wih F 3 6 5Delita, andRosed.
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Figure 4.7.HPLC profiles of infiltratecspatheof 6 N e w.0 & Buffer-infiltrated spatheas
control. B. Spathanfiltrated with Agrobacteriumwithout thecolor constructs C. Spathe
infiltrated with separate strains AfjrobacteriuncarryingF 3 6 5Delith, or Rosed. D.
Anthocyanidin standards. Peak 1: delphinidin, Peak 2: cyanidin, Pga#teé8gonidin, Peak 4:
peonidin, Peak 5cyanidin

121



Figure 48. HPLC profiles of infiltrABuedinfitraedt hes of
spathe as controB. Spathe infiltrated witiAgrobacteriumwithout the color constructsC.

Spathe infiltrated with separate strainsdgfobacteriuncarryingF 3 6 5D&lith, or Roseal D.
Anthocyanidin standards. Peak 1: delphinidin, Peak 2: cyanidin, Peak 3: pelargonidin, Peak 4:

peonidin, Peak 5: cyanidin.
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Figure 4.9. Detecting transient expression@¢lila and the combination ¢ 3 6 SDelta, and

Rosedi n O Mari an Seef urt R36(C), BH1545 OHUH22BB((E), ( B) , 152
UH2081 (F), UH1992 (G), and UH2172 (Hpproximately 12 days post treatment. Circles

indicate areas of agroinfiltration without color change, squares indicate areas with color change:

(1) Buffer control, (2) Agroinfiltrated without color constructs, (3) Agroinfiltrated id#ila,

(4) Agroinfiltrated withF 3 6 SDelith, andRosed.
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Agroinfiltrated withoutcolor gene Agroinfiltrated withF 3 6 5 0

A

Figure 4.10. In plantatransient expression 3 6 5 @H 6 New Era, 6 nine days

(A) Buffer control; (B) Agroinfiltrated without color gene; (C) Agroinfiltrated wih3 6 5 6 H

Figure 4.11. Detecting transient expression bétcombination oF 3 6 5D&lH, and Roseh
in detached O6New Erad spathes approxi mately
Agroinfiltrated without color constructs; (C) Agroinfiltrated wih3 6 bD@lth, andRose4.
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Figure 4.12. Detecting transient expression bétcombination oF 3 6 HSD®lHh, andRosed in
Nicotiana benthamianapproximately four days post treatment. Circles indicate areas of
injection with color change. (A) Buffer control; (B) Agroinfiltratagthout color constructs;
(C) Agroinfiltrated withF 3 6 5D@lth, andRosed.
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Figure 4.13.HPLC profil es of i nf iA Buffe-infdtchtedsspathé dse s of
control. B. Spathe infiltrated witiAgrobacteriumwithout color constructsC. Spathe

infiltrated with separate strains AfjrobacteriuncarryingF 3 6 SD&llHa, or Roseal

D. Anthocyanidin standards. Peak 1: delphinidin, Peak 2: cyanidin, Peak 3: pelargonidi

Peak 4: peonidin, Peak 5: cyanidin.
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Figure 4.14. HPLC profiles of infiltrated leavesf dNicotiana benthamianaA. Buffer-
infiltrated leaves as controB. Leaves infiltrated witbAgrobacteriumwithout color constructs.
C. Leaves infiltrated with separate strainsAgfrobacteriuncarryingkF 3 6 5D&liHa, or Roseal
D. Anthocyanidin standards. Peak 1: delphinidin, Peak 2: cyanidin, Peak 3: pelargonidin,
Peak 4: peonidin, Peak 5: cyanidin.
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No.days | Buffer control Agroinfiltrated without color | Agroinfiltrated withF 3 6 5 6 H
post constructs Delila, andRosed
infiltration

7

17

Seefurtho

treatment: (A) Buffer control; (B) Agroinfiltrated without color constructs; (C) Agroinfiltrated
with F 3 6 bDelith, andRosed. Seventeen days post treatment: (D) Buffer control; (E)
Agroinfiltrated without colorconstructs; (F) Agroinfiltrated witk 3 6 5D&lHa, andRose4.

Figure 4.15. In plantatransient expression 3 6 5 H 6 Mar i an
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Figure 4.16. Comparison of spathe developmental stage (fully expanded vs. newly unfurled) on
transient expression &f 3 6 5n@JH1688. Circles indicate injection sites with color change.
(A) Buffer controlfully expanded spathe. (Bully expanded spathe agroinfiltrated withi3 6 5 6 H

(C) Buffer controlnewly unfurled spath€D) Newly unfurled spathe agroinfiltrated with
F36506H
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