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ABSTRACT 

Anthurium is the most important cut flower in the Hawaii floriculture industry.  Conventional 

breeding for desirable vase life, shape, and color has been the mainstay for keeping growers in 

Hawaii competitive in the global market.  No blue anthuriums exist and cannot be made via 

conventional breeding since anthuriums lack the genes to produce delphinidin-derived 

anthocyanins.  The objectives of this research were to expand our understanding of the 

biochemical and histological aspects of flower color that are essential for developing strategies 

for breeding, conduct transient gene expression in anthurium spathes, and to explore genetic 

engineering of the anthurium flavonoid 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 had the highest average pH (6.14), followed by whites (5.96), purples (5.82), pinks 

(5.78), corals (5.72), reds (5.46), and oranges (5.40).  Flower color is influenced by the 

distribution and combinations of anthocyanins in the floral tissue.  Anthocyanins were 

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 anthocyanins was more expansive in purple anthurium spathes, and was observed 

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 substantial amounts of chlorophyll.  The pH and spatial distribution data can help to 

make informed decisions when using the surveyed anthurium cultivars/selections for breeding, 
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since pH can affect color and spatial distribution of anthocyanins can affect the perceived color 

intensity.  

 

Since the development of stable transformants with genes for novel flower color is a lengthy 

process with low transformation efficiency, we tested agroinfiltration-mediated transient 

expression to assess functionality of the structural gene F3ô5ôH and the transcription factors 

Delila and Rosea1 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 the color constructs.  The transient transformation results 

obtained were inconsistent and not conclusive for positive transient expression, since some 

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

despite the lack of F3ô5ôH or transcription factors Delila and Rosea1 . 

 

In this study, calli of seven hybrid selections or cultivars were co-cultivated with Agrobacterium 

tumefaciens AGL0 with one of the following plasmids with the NPTII  selection gene: 1) 

pJAM1983 with the gene F3'5'H from petunia, 2) pJAM1889 with the gene Delila from 

Antirrhinum majus, 3) pJAM1463 harboring the gene Roseal from A. majus.  Of the 372 samples 

tested via Polymerase Chain Reaction (PCR) (some made by Hawaii Agriculture Research 

Center (HARC), others made in this research), eight óMarian Seefurthô samples from HARC 

tested positive for the NPTII  antibiotic resistance gene and six of those samples tested positive 

for F3ô5ôH. 
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Chapter 1 

INTRODUCTION   

Anthuriums were the top ranking cut flower for 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 came from cut flowers and cut lei flowers (NASS, 2021).   

Anthuriums are mainly perennial, herbaceous epiphytes with a creeping, climbing habit.  

Spathes are heart-shaped 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 borne. The major colors of 

anthurium spathes in the market today are red, 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 co-pigmentation.  The various colors in anthurium are due to flavonoids known as 

anthocyanins.  Anthocyanidins (aglycones or sugar-free counterparts of anthocyanins) 

responsible for color in flowers include pelargonidin (orange), cyanidin (red-magenta), 

delphinidin (purple-blue), peonidin (red-magenta), petunidin (purple-blue), and malvidin 

(purple-blue). 

The anthocyanins responsible for the major spathe color of red to pink and orange to 

coral in anthurium spathes were identified as pelargonidin 3-rutinoside (synonymous with 

pelargonidin 3-rhamnosylglucoside) and cyanidin 3-rutinoside (synonymous with cyanidin 3-

rhamnosylglucoside) (Iwata et al., 1979, 1985).  Both pelargonidin 3-rutinoside and cyanidin 3-

rutinoside were found in red and pink spathes, while only pelargonidin 3-rutinoside was found in 

orange and coral spathes.  Marutani et al. (1987) found cyanidin 3-rutinoside as a major 
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anthocyanin and peonidin 3-rutinoside as a minor anthocyanin in the lavender-hued Anthurium 

amnicola Dressler.  White spathes lack anthocyanins (Iwata et al., 1985; Li et al., 2013; Clark et 

al., 2014).  There have been no reports of delphinidin being detected in anthurium.  

Anthocyanin production is reliant on the expression of several structural genes for in the 

phenylpropanoid pathway.  The structural genes flavanone 3-hydroxylase (F3H), flavanone 3ô-

hydroxylase (F3ôH), and flavanone 3ô5ô-hydroxylase (F3ô5ôH) are responsible 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 R2R3-myeloblastosis (MYB), basic helix-loop-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 breeding strategies for novel spathe color.  Wannakrairoj and Kamemoto (1990) 

examined the spatial distribution of pigmented cells of 17 anthurium species.  Ehrenberger and 

Kuehnle (2003) reported on the spatial location of pigmented cells in two species but expanded 

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 spathe coloration to vacuolar pH is another 

important aspect for pigmentation in anthurium and was reported in white, green, coral, red, and 

orange-colored spathes (Avila-Rostant et al., 2010).  The study by Avila-Rostant 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 into the spatial distribution of anthocyanins 

and pH levels of a larger set of cultivars/selections can help with breeding strategies for novel 
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color development by providing histological and biochemical information on potential parent 

material. 

Blue anthuriums do not currently exist due to the absence of the structural gene F3ô5ôH 

that is responsible for the production of delphinidin-derived anthocyanins.  Genetic modification 

for ectopic expression of F3ô5ôH has been applied to create blue-colored 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), and Phalaenopsis orchid (Liang et al., 2020).  

Incorporation of genes for the delphinidin pathway and other DNA sequences for transcription 

factors may result in novel blue-hued spathes as was seen in genetically engineered roses 

(Katsumoto et al., 2007). 

Anthurium cultivar development by conventional breeding takes 10-14 years (T. Amore, 

personal communication).  Furthermore, the development of stable genetically engineered 

anthurium plants is a lengthy process with very 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 gene 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 this study 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.  
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2. Use agroinfiltration to test transient expression of the structural gene F3ô5ôH and 

transcription factors Delila and Rosea1 to effect transient color change in anthurium 

spathes. 

3. Stably transform anthurium selections and cultivars with and the structural gene 

F3ô5ôH, and transcription factors Delila and Rosea1. 
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CHAPTER 2 

LITERATURE REVIEW  

 

Botany 

The family Araceae comprises over 118 genera and encompasses approximately 3,800 

species (Boyce and Croat, 2013; Ulrich et al., 2013; Henriquez et al., 2014).  The genus 

Anthurium comprises over 600 species from Tropical America (Kamemoto, 1988).  The 

distribution of this genus extends from Northern Mexico and the Greater Antilles to Southern 

Brazil and Southern Argentina and Paraguay (Croat, 1983; 1986).  Anthuriums are mainly 

perennial, herbaceous epiphytes with a creeping climbing habit.  Spathes are heart-shaped 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 borne.  Leaves have a leathery texture, are ovate-sagittate with a 

deeply cordate base, and are attached to long petioles (Bown, 2000). 

The best-known species within the genus (more specifically in the section Calomystrium) 

is Anthurium andraeanum Linden ex. André, discovered in Columbia and Ecuador by Eduard 

André  in 1876 (Bown, 2000).  In its natural state, A. andraeanum is epiphytic and can be found 

in mountain forests at elevations of 732 m (2400 ft).  In its natural habitat, the spathes of this 

species are orange-red and blistered.  Many cultivated anthuriums are identified as A. 

andraeanum but 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. andraeanum was introduced to Hawaii from London in 1889 by S.M. Damon, and it 

was described as having a spathe with shell-pink color (Neal, 1965).  Plants grown on the Damon 

estates in Moanalua were slowly distributed to other growers via vegetative propagation.  In the 
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late 1930s and 1940s, growers in Hawaii learned to propagate anthurium by seed, leading not 

only to increased cultivation but also to increased variation (Kamemoto, 1981).  The assortment 

available today resulted from crosses between A. andraeanum cultivars as well as crosses 

between A. andraeanum and other species (Kamemoto and Kuehnle, 1996). 

Economic importance 

 Anthuriums are produced and sold internationally as cut flowers, potted flowering 

ornamentals, and landscape plants (Nowbuth et al., 2005; Teixeira da Silva et al., 2015).  The top 

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, 1992).  Hawaiiôs floriculture industry was 

valued at $81.6 million in 2020 (NASS, 2021).  Cut flowers and cut lei flower sales were valued 

at $5.51 million with anthuriums ranking as the top seller at $1.7 million.   

 Anthuriums became part of the inventory 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 yield was at 2.5 million dozen 

flowers in 1980, 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 growers (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 other colors 

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

 Carotenoids, flavonoids and betalains are the major pigments that contribute to flower 

color.  Flavonoids are phenylpropanoid compounds that occur in higher plants, are basically 

derived from flavan or 2-phenyl-benzopyran, and are classified according to the level of 

oxidation of the central pyran ring (Harborne, 1973; Schwinn and Davies, 2004).  

 Anthocyanins are water soluble flavonoids that are generally located in the vacuole and 

are involved in almost all pink, red, orange, scarlet, purple, blue, and blue-black colors (Davies, 

2009).  Anthocyanidins are the base pigments consisting of a 15-carbon structure of two 

aromatic rings (the A- and B-rings) joined by a third ring (the C-ring) (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 occurs through hydroxylation, acylation, and methylation.  Three major 

anthocyanidins include pelargonidin (orange), cyanidin (red-magenta), and delphinidin (purple-

blue) which differ only by the number of hydroxyl groups attached to the B ring.  Other common 

anthocyanins include peonidin (red-magenta), petunidin (purple-blue), and malvidin (purple-

blue) which contain at least one methoxyl group in the B ring (Harborne, 1967). 

 Co-pigmentation is the interaction of anthocyanins with each other (self-association), 

with phenolic compounds such as flavones or flavonols (intermolecular co-pigmentation), when 

acylated anthocyanins interact with each other (intramolecular co-pigmentation), or through 

metal complexation (co-pigmentation via chelation with metals) (Rein, 2005) (Figure 2.1).  

When co-pigmentation 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 Robinson, 1931; Asen et al., 1972; Zhang et al., 2014).  
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Torenia plants (Torenia fournieri Lind.) transformed with the antisense dihydroflavonol-4-

reductase (DFR) gene had an accumulation of flavones which served as co-pigments causing 

flowers to appear bluer (Aida et al., 2000).  Fukui et al. (2003) concluded that one of the reasons 

for the blue hue of transgenic carnations expressing the F3ô5ôH (flavonoid 3ô5ô-hydroxylase) 

gene was the strong co-pigmentation of delphinidin with the flavonoid apigenin 6-C-glucosyl-7-

O-glucoside-6ô-malyl 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 cation occurs between pH 3 to 6 forming the colorless carbinol 

pseudobase (Figure 2.2).  Conversion of anthocyanins to the neutral quinonoidal bases occurs at 

higher pH resulting in violet and purple colors (Figure 2.2).  Flowers with the same anthocyanins 

can have a color change with different levels of pH, as seen in Phalaenopsis Big Chili, where the 

anthocyanins shifted toward a red hue in acidic conditions and a blue hue in basic conditions 

Liang et al., 2020) (Figure 2.3).  Aromatic and aliphatic glycosylation and acylation affect the 

stability of different anthocyanins at different pHs, ultimately affecting the color of different 

plant tissues.  The change in pH appears to be the major factor in the color change of aging 

flowers (Asen et al., 1971).  Bluing of senescing red anthurium spathes was attributed to an 

increase in pH by the release of ammonium ion and phenol concentration (Paull et al., 1985).  In 

other studies looking at pH in different colored anthuriums, Avila-Rostant et al. (2010) found 

that spathe color was associated with vacuolar pH, with the whites and greens having the highest 

pH (average 5.65) followed by corals (5.38), pinks (5.20), reds (5.10), and oranges (4.5). 

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

transcription factors.  Transcription factors are proteins that repress or activate structural genes 
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for the production of the enzymes responsible for the formation of intermediates and products in 

the flavonoid biosynthetic pathway.  Two examples of transcription factor families that regulate 

anthocyanin synthesis in the flavonoid biosynthetic pathway are MYB and base-helix-loop-helix 

(bHLH).  In antirrhinum, the anthocyanin biosynthetic genes are separated into the early 

biosynthetic genes (EBGs) and the late biosynthetic genes (LBGs) (Martin et al., 1991).  The 

EBGs in antirrhinum consist of chalcone synthase (CHS) and chalcone isomerase (CHI)  and the 

remainder of the anthocyanin biosynthetic genes in the pathway, onwards from  flavonone 3-

hydroxylase (F3H), are the LBGs (Martin et al., 1991) (Figure 2.4). 

Pigments in Anthurium 

 Iwata et al. (1979; 1985) identified pelargonidin 3-rhamnosylglucoside 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 pelargonidin 3-rhamnosylglucoside and cyanidin 3-

rhamnosylglucoside were found in red and pink spathes, while only pelargonidin 3-

rhamnosylglucoside was found in orange and coral spathes.  Marutani et al. (1987) identified 

cyanidin 3-rutinoside as a major anthocyanin and peonidin 3-rutinoside as a minor anthocyanin 

in the lavender-hued Anthurium amnicola. 

 Kamemoto et al. (1988) indicated two major genes M and O as major determinants of the 

major anthurium spathe colors.  Cyanidin 3-rutinoside was controlled by the M gene and 

pelargonidin 3-rutinoside was controlled by the O gene.  The recessive oo is epistatic to M.  The 

genotype for red and pink spathes is M-O-, for orange and coral spathes are mmO-, and white 

spathes are ïoo.  Color intensity is determined by dosage of the M and O alleles.  Wannakrairoj 

and Kamemoto (1990) proposed that a recessive allele p modifies the color of anthocyanins 

controlled by the M and O loci.  If the genotype is M-O-pp, the spathe is purple.  If the genotype 
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is M-O-P- the spathe is red, and if it is mmOP- the spathe color is orange.  No effect of the p 

allele was seen on ïoo (white) genotypes.   

Collette et al. (2004) examined the temporal and spatial expression of some the structural 

genes for anthocyanin biosynthesis and suggested that CHS, F3H, and ANS were controlled by a 

different mechanism from DFR.  Elibox and Umeharan (2008) did later research on the 

inheritance of major spathe colors in anthurium and indicated M, O, and R as the three major 

genes.  In 77 crosses involving 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 the O and R genes in which the recessive forms would result 

in progeny with white spathes.  The ratio of red to orange was in agreement with Kamemoto et 

al. (1988), and was determined by the M gene.  The differentiation of reds from pinks and 

oranges from corals was due to the dosage effect of the R gene.   

Elibox and Umeharan (2008) proposed that O and R determined whether anthocyanins 

were produced, and that M determined whether pelargonidin or cyanidin was produced.  The R 

gene was proposed to regulate CHS, F3H, and ANS, the O gene regulated DFR, and the M gene 

regulated F3ôH.  Further research on spathe color inheritance (Gopaulchan et al., 2014) showed 

that the R gene co-regulated the expression of F3H and ANS but not CHS, the O gene regulated 

the expression of DFR, and that M was the plausible candidate that regulated F3ôH.  Later 

studies by Gopaulchan et al. (2015) indicated that red spathe anthuriums accumulated 

anthocyanin throughout development, while pinks spathes either produced anthocyanin early in 

development (which decreased during spathe maturation), or produced anthocyanins later during 

development.  The earlier and the higher the expression of F3ôH during spathe development, the 

greater the amount of anthocyanin in the spathe.  Furthermore, reduced transcript levels of F3ôH, 
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and diminished levels of F3H, ANS, and DFR proteins in pink cultivars may account for the 

reduced carbon flux through the flavonoid pathway. 

Genetic transformation for novel color 

Several plant species have undergone metabolic engineering of the flavonoid pathway for 

novel anthocyanin production (Table 2.1).  A gene from maize introduced into petunia changed 

the flower color from pink to brick-red, and was the first successful report of genetic 

modification for novel color (Meyer et al., 1987).  The DFR (dihydroflavonol 4-reductase) 

enzyme in petunia naturally cannot produce leucopelargonidin, the precursor to pelargonidin 

(Forkmann and Ruhnau, 1987), but transformation of plants with the DFR from maize allowed 

for pelargonidin production.  The first commercially introduced transgenic flower was 

Moondustɇɀ, a mauve-colored carnation expressing F3ô5ôH and DFR genes from petunia and 

launched by Florigene in 1996 (Mol et al., 1999; Tanaka et al., 2009).  The darker violet-colored 

carnation Moonshadowɇɀ was transformed with a pansy F3ô5ôH gene and a petunia DFR-A gene 

and introduced in 1998 (Mol et al., 1999; Tanaka et al., 2009).  The same gene combinations 

were used to create other carnations in the ñMoonò series including Moonvistaɇɀ, Moonshadeɇɀ, 

Moonliteɇɀ, and Moonaquaɇɀ (Tanaka et al., 2009).  The rose flavonoid pathway was 

engineered to express a viola F3ô5ôH gene as well as an iris DFR gene while downregulating the 

endogenous rose DFR 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 viola F3ô5ôH and a Torenia 5AT gene for 5-

aromatic acyltransferase for acylation of anthocyanins.  Roses expressing the S-

adenosylmethionine: anthocyanin 3ǋ5ǋ-O-methyltransferase gene (A3ǋ5ǋOMT) from Torenia 

hybrida and a pansy F3ô5ôH, produced methylated anthocyanins based upon malvidin, petunidin, 



 

12 
 

and peonidin.  The resulting transgenic roses had more brilliant magenta color than roses 

transformed with only F3ô5ôH that accumulated delphinidin alone (Nakamura et al., 2015).  The 

phalaenopsis flavonoid pathway was modified to express F3ô5ôH from dayflower (Commelina 

communis L.) resulting in blue-hued flowers (Mii, 2012).  Tomato transformed with the 

transcription factors Delila and Rosea1 from snapdragon 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 peonidin (Iwata et al., 1979; 1985; Marutani et al., 1987).  The 

delphinidin pathway responsible for blue pigmentation is non-existent in anthurium.  The 

specific enzyme that catalyzes the initial steps towards delphinidin is F3ô5ôH.  The introduction 

of the delphinidin pathway into anthurium will provide the potential to develop blue anthuriums 

which are not currently available.  If a true blue cannot be attained, given the unknown 

interactions of an exogenous gene in the anthurium flavonoid pathway, a range of purple-hued 

anthuriums may be expected as seen in the development of transgenic carnation and rose. 

Transcription factors are regulatory proteins that coordinate the production of 

anthocyanins by activating or repressing the effect over structural genes in the biosynthetic 

pathway.  Constituents of three protein families, R2R3-MYB transcription factors, bHLH 

transcription factors, and WD Repeat Proteins (WDR) work in coordination to form the ñMBWò 

complex that controls anthocyanin production (Zhang et al., 2014).  The WDR proteins are 

thought to interact directly with bHLH proteins and provide a stabilizing function.  The bHLH 

proteins interact with the MYB proteins for anthocyanin synthesis as well as function 

independently for the development of plant structures like trichomes and root hairs (Zhang 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 transcription factors Delila and Rosea1 in 

transformed tomato increased overall anthocyanin production (Butelli et al., 2008).  Delila is a 

bHLH gene and Rosea1 is an R2R3-MYB gene.   

Transient expression 

Stable transformation of anthurium has been reported but generation of transgenic lines 

takes months to attain, while generation of transgenic plants takes years (Chen et al., 1997; Chen 

and Kuehnle, 1996; Fitch et al., 2011). Transient expression experiments provide a rapid 

alternative to stable transformation for evaluation of transgene function.  Methods of transient 

expression experiments include microprojectile particle bombardment, Agrobacterium 

tumefaciensïmediated transformation of leaves, and protoplast transfection (Pitzschke and 

Persak, 2012).  Particle bombardment can cause tissue damage, making color observation from 

transgene activity difficult to examine.  Transient expression through protoplast transformation 

can be observed 16 to 48 hours after transformation (Pitzschke and Persak, 2012) and in at least 

three days with agrobacterium infiltration of leaves (Pinthong et al., 2014).  Transient assessment 

of anthurium via spathe agroinfiltration for the expression of exogenous structural and 

transcription factor genes in the anthurium flavonoid pathway has yet to be reported. 
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Figure 2.1.  Mechanisms of anthocyanin co-pigmentation:  Self association of anthocyanins with 

each other; intermolecular co-pigmentation of anthocyanins with phenolic compounds such as 

flavones or flavonols, intramolecular co-pigmentation of acylated anthocyanins with each other, 

and metal complexation (Adapted from Rein, 2005). 
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Figure 2.2.  Chemical and color modifications of anthocyanins as affected 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 quinonoidal bases occurs at higher pH resulting in 

violet and purple colors (Adapted from Nistor et al., 2022). 
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Figure 2.3. Anthocyanin extract from flowers of Phalaenopsis Big Chili at different pH values.  

The anthocyanins shifted toward a red hue in acidic conditions and a blue hue in basic 

conditions.  (Adapted from Liang et al., 2020). 
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Figure 2.4.  Flavonoid biosynthetic pathway.  ANS anthocyanidin synthase, AS aureusidin 

synthase, AT acyltransferase, C4'GT chalcone 4'-O-glucosyltransferase, C4H cinnamate-4-

hydroxylase, CHI chalcone isomerase, CHS chalcone synthase, 4CL 4-coumarate:CoA ligase, 

DFR dihydroflavonol 4-reductase, F3H flavanone 3-hydroxylase, F3'H flavonoid 3'-

hydroxylase, F3'5'H flavonoid 3',5'-hydroxylase, FLS flavonol synthase, FNR flavanone 4-

reductase, FNS flavone synthase, GT glycosyltransferase, MT methyltransferase, PAL 

phenylalanine ammonialyase.  (Adapted from Nishihara and Nakatsuka, 2011). 
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Table 2.1.  Examples of genetically engineered crops for color. 

Target Plant Gene Used Reference 

Petunia Maize DFR Meyer et al., 1987; Forkman 

and Ruhnau, 1987 

   

Carnation  

Moondustɇɀ 

Petunia DFR and F3ô5ôH 

 

Mol et al., 1999; Tanaka et 

al., 2009 

   

Carnation  

Moonshadowɇɀ, Moonvistaɇɀ, 

Moonshadeɇɀ, Moonliteɇɀ, and 

Moonaquaɇɀ 

Pansy F3ô5ôH 

Petunia DFR-A 

Mol et al., 1999; Tanaka et 

al., 2009 

   

Rose Viola F3ô5ôH  

Iris DFR 

Katsumoto et al., 2007 

   

Rose Viola F3ô5ôH  

Torenia 5AT 

Tanaka et al., 2009 

   

Rose Torenia A3ǋ5ǋOMT 

Pansy F3ô5ôH 

Nakamura et al., 2015 

   

Phalaenopsis Dayflower F3ô5ôH   Mii , 2012 

   

Tomato Snapdragon Del and Ros1 Butelli et al., 2008 
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Chapter 3  

PIGMENT DISTRIBUTION AND pH IN ANTHURIUM SPATHES 

 

ABSTRACT 

Spathes of anthuriums were examined to determine pH and pigment distribution to elucidate 

their roles in determining color.  A total of 50 cultivars and hybrid seedling selections were 

surveyed for spathe pH with greens having the highest average pH (6.14), followed by whites 

(5.96), purples (5.82), pinks (5.78), corals (5.72), reds (5.46), and oranges (5.40).  Anthocyanins 

were 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.  

White and green spathes lacked anthocyanins; however green spathes contained substantial 

amounts of chlorophyll.  Among the hybrid selections in the purple group, reddish-purple 

pigments were observed in the adaxial and abaxial epidermis, while reddish pigments were 

observed in the adaxial and abaxial hypodermis of some of the spathes in the purple group.  This 

spatial distribution of pigmented cells was observed in both lighter and darker purple spathes. 

 

INTRODUCTION  

Hawaiiôs horticultural and nursery products were valued at $81.6 million in 2020; $5.51 

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 major colors 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 co-pigmentation.  The various colors in anthurium are due to flavonoids 

known as anthocyanins.  Anthocyanins are water soluble flavonoids that are generally located in 

the vacuole and are involved in almost all pink, red, orange, scarlet, purple, blue, and blue-black 

colors (Davies, 2009).  Anthocyanidins are the base pigments consisting of a 15-carbon structure 

of two aromatic rings (the A and B rings) joined by a third ring (the C-ring) (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 occurs through hydroxylation, acylation, and methylation.  Three major 

anthocyanidins include pelargonidin (orange), cyanidin (red-magenta), and delphinidin (purple-

blue) which differ only by the number of hydroxyl groups attached to the B ring.  Other common 

anthocyanins include peonidin (red-magenta), petunidin (purple-blue), and malvidin (purple-

blue) which contain at least one methoxyl group in the B ring (Harborne, 1967). 

Anthocyanins exist in different forms depending on the pH of the solution (Glover and 

Martin, 2012).  The red flavum cation exists at pH values below 2 and is fairly stable.  

Hydroxylation of the flavum cation occurs between pH 3 to 6 forming the colorless carbinol 

pseudobase.  Conversion of anthocyanins to the neutral quinoidal 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 pH values, ultimately affecting the color of 

different plant tissue.   

 Iwata et al., (1979, 1985) identified pelargonidin 3-rutinoside (pelargonidin 3-

rhamnosylglucoside) and cyanidin 3-rutinoside (cyanidin 3-rhamnosylglucoside) as the 

anthocyanins responsible for the major spathe color of red to pink and orange to coral in 
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Anthurium andraeanum.  Both pelargonidin 3-rutinoside and cyanidin 3-rutinoside were found in 

red and pink spathes, while only pelargonidin 3-rutinoside was found in orange and coral 

spathes.  Marutani et al. (1987) determined cyanidin 3-rutinoside as a major anthocyanin and 

peonidin 3-rutinoside as a minor anthocyanin in the lavender-hued Anthurium amnicola Dressler.  

Later studies identified peonidin 3-rutinoside in addition to cyanidin 3-rutinoside and 

pelargonidin 3-rutinoside in the red, pink, pale pink, purple, and brown spathes (Clark et al., 

2014; Li et al., 2013). 

 Spatial location of anthocyanins in anthurium species and some hybrids has been 

previously reported (Wannakrairoj, 1990; Ehrenberger and Kuehnle, 2003) as well as the 

relationship of spathe coloration and its relationship to vacuolar pH in white, green, coral, red, 

and orange-colored spathes (Avila-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 purple-colored spathes. 

 

MATERIALS AND METHODS  

Plant material 

 Anthurium spathes representing a range of colors were obtained from plants 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 selections from the 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 natural light.  The 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; Arvada, CO) with an Orion combination micro pH electrode (model 

8220BNWP; Thermo Scientific; Waltham, MA) after one minute.  Five (±2) samples were taken 

from each spathe depending on spathe size.  Sample tissues were taken from the left and right 

lobes, the central 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 

(±2) samples.  A minimum of two spathes were examined per anthurium hybrid. 

Spatial localization of anthocyanins in anthurium spathes  

 Spathe cross sections were prepared as in Ehrenberger and Kuehnle (2003) and Mudalige 

et al. (2003).  Spathe sections were cut into 1 cm2 pieces and placed in a sidearm flask containing 

20 mL of a 0.25% w/v polyethylene glycol (PEG, M.W. 3350) solution and one drop of Tween 

20.  Sections were infiltrated under building vacuum (å 600 mm Hg) for approximately 30 

minutes until tissues appeared water soaked.  Cross sections (0.1-0.2 mm) were cut using a sharp 

razor blade and mounted with 0.25% PEG solution on glass microscope slides.  Tissues were 

examined using a Leitz microscope (Leitz Wetzler, Mod. No. 567119, Germany) and 

photographed with an Amscope 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 pitanga (Eugenia uniflora L.) (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% methanol, 3% 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 methanol, 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 4ęC, the supernatant was collected into a 50 mL digestion tube 

(Environmental Express, Charleston, South Carolina) and air dried with compressed air 

overnight.  

Pre-purification 

The extract was pre-purified with a hexane-water partition to remove lipophilic 

compounds.  The dried extract was resolubilized in 5 mL hexane and 10 mL distilled water.  The 

mixture was vortexed, sonicated, then centrifuged at 4000 rpm for 5 min at 4ęC. The bottom 

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

hexane layer containing the lipophilic 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 Sep-PakÊ C18 silica cartridges (Part No. 

51910, Waters, Milford, MA) attached in tandem, and preconditioned using 10 mL ethyl acetate, 

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

HCl 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 stream of N2 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 scintillation vials using 0.1% v/v MeOH/ HCl.  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 flavonoid identification, 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).  The air-dried 

extract was hydrolyzed at 95°C in 2 mL of 1.2 M HCl 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 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 resolubilizing the air dried sample in 1 mL 10% 

formic acid and 1 mL 1.2 M HCL 50% v/v aqueous MeOH.  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 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 the anthocyanidin 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 dissolved in a 1:1 solution of 1.2M HCl/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 

XBridgeTM PEPTIDE XB-C18 column (3.5 µm particle size, 130 Å pore size, 2.1 mm x 20 mm) 

attached to an XBridgeTM BEH C18 VanGuard Cartridge (3.5 µm particle size, 130Å pore size, 

2.1 mm x 5 mm) column guard (Waters Corp, Milford, MA).  Injection volume was 10 µL 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 gradient for analysis of anthocyanins was programmed from 10% 

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 14.5 to 19.5 min. UV-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 and hybrid selections were evaluated for spathe pH (Table 

3.1).  There were differences in 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).  Differences in pH of varieties within each color category were 

observed with the following ranges:  purple, 5.20 to 6.30; green, 6.07 to 6.25; white, 5.67 to 

6.13; pink, 5.38 to 6.10; coral, 5.20 to 6.05; orange, 5.12 to 5.70; and red, 5.35 to 5.60.   

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 and fairly uniform 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 some but not all of the layers, 

while others had pigments distributed throughout all layers in varying degrees (Table 3.2 and 

Figure 3.2).  UH2198, óUtah,ô óARCS,ô and óLavender Ladyô (Figures 3.2 F, E,H, and G) had 

greater pigmentation in the adaxial and abaxial epidermis (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 spathes examined.  UH2555, óARCS Hawaii,ô and UH1530 (Figure 3.2 A, I, K) also had 

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 mesophyll 
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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 (ratings of 2 or 3 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 UH2565 were pigmented (Figure 3.2B) with a moderate number of pigmented cells in the 

adaxial epidermis and mesophyll (ratings 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 cells in the mesophyll (rating of 2 in Table 3.2). Selection 705-1 (Figure 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 cells in the abaxial 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 óLavender Ladyô (Figures 3.2 F and G).  A 

mixture of reddish-purple and reddish pigments was observed mainly in the adaxial hypodermis 

of UH2578, 705-1, óARCS,ô óARCS Hawaii,ô and óReginaô (Figures 3.2 C, D, H, I, L).  Reddish-

purple pigments were observed in the abaxial and adaxial epidermis, while reddish pigments 

were observed in the abaxial and adaxial hypodermis of UH2555, óUtah,ô UH2557, UH 1530, 

and óReginaô (Figures 3.2 A, E, J, K, L).  Although UH2555 and óUtahô showed similar 

arrangements of pigments in the adaxial and abaxial epidermis and hypodermis, they differed in 

that UH 2555 had reddish pigments in the mesophyll, while óUtahô had reddish-purple pigments 

(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 hypodermis (Figure 3.2 M).  

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 abaxial side for UH2565, UH2578, 705-1, UH2557, 

óRegina,ô and UH2569 (Figures 3.2 B, C, D, J, L, M).  The adaxial side contained more 

pigmented cells than the abaxial side for UH2578, 705-1, UH2198, UH2557, and UH530 

(Figures 3.2 C, D, F, J, K).   

 UH2071 (Figure 3.3 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 

presence of chlorophyll in the mesophyll of UH2071 (Figure 3.3 A).  The adaxial and abaxial 

hypodermis of óKalapana,ô óNew Pahoa Red,ô and UH2237 (Figures 3.3 C, B, D) completely 

consisted of pigmented cells (ratings of 5 in Table 3.2).  All three cultivars consisted of few to 

very few pigmented cells in the mesophyll (ratings of 1 to 2 in Table 3.2).  Both óKalapanaô and 

óNew Pahoa Redô had very few to pigmented cells in the abaxial epidermis (ratings of 1 in Table 

3.2).  The pigments within red spathe anthuriums were 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).  óMarian Seefurthô (Figure 3.3 E) only had pigmented cells in the adaxial and abaxial 

hypodermis (ratings of 5 in Table 3.2).  ôNew Eraô (Figure 3.3 F) was similar to óMarian 

Seefurthô (Figure 3.3 E), having pigmented cells in the adaxial and abaxial hypodermis (ratings 

of 4 in Table 3.2), but differed by having very few pigmented cells in  the adaxial and abaxial 

epidermis (ratings of 1 in Table 3.2).  Selection 768-47 (Figure 3.3 I) 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 3.2), 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 cells in the 

mesophyll and adaxial and abaxial epidermis (rating of 1 to 2 in Table 3.2).  óMisty Pinkô (Figure 

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 hypodermis (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 adaxial hypodermis and adaxial and abaxial epidermis (ratings of 0 in Table 3.2).  

There was no major variation in the color of the pigments in óNew Eraô (Figure 3.3 F).  A 

mixture of red-purple and red pigments was observed mainly in the adaxial hypodermis of 

óMisty Pinkô (Figure 3.3 H).  Pigments in the adaxial side of the spathe were darker than 

pigments in the abaxial side for óMarian Seefurth,ô A 494, óMisty Pink,ô and 768-47 (Figures 3.3 

E, G, H, I).  The adaxial side contained more pigment cell than the abaxial side for anthurium A 

494 (Figure 3.3 G). 

Except for UH1992 and UH2325, other orange hybrid selections did not have pigmented 

cells in the abaxial or adaxial epidermis (ratings of 0 in Table 3.2; Figures 3.4 A to E).  UH1992 

(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 

orange group consisted of completely pigmented cells (ratings 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 variant of óNew Pahoa Red,ô which had a moderate number of pigmented 

cells (rating of 3 in Table 3.2).  There was no major variation in the color of the pigments within 

UH2325 and óNittaô (Figures 3.4 B and D).  Pigments in the adaxial side of the spathe were 
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darker than pigments in the abaxial side for anthuriums UH1618, UH1992, and the orange 

variant of óNew Pahoa Redô (Figures 3.4 A, C, E). 

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

pigmented cells in the adaxial or abaxial epidermis (ratings of 0 in Table 3.2) (Figures 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 few to very 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 Table 3.2).  Pigmented cells were only present in the adaxial 

hypodermis of UH1545 (rating of 5 in Table 3.2) (Figure 3.4 I).  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 pigments were not visible for spathes in the white group: UH2573, 

óAcropolis,ô óHilo Moon,ô óHokuloa,ô and UH2282 (ratings of 0 in Table 3.2; Figures 3.5 A to 

F). The white variant of óNew Pahoa Redô (Figure 3.5 F) also did not contain anthocyanins for 

most of the spathe except for a minute amount at the tip of the spathe. 

Anthocyanin pigments were also absent in óMidoriô and UH2568 spathes of the green 

color group of (Tables 3.2; Figures 3.6 A and B).  Instead, chlorophyll was observed primarily in 

the mesophyll 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.   

Purple spathes were categorized into the red-purple, purple, and greyed-purple color 

groups according to the Royal Horticultural Society Colour Chart (Figure 3.2).  UH2555 and 

UH2565 both had the designation of Red-Purple Group 60 A (Figures 3.2 A and B).  Selection 

705-1 and óUtahô both had the designation of Red-Purple Group 71A (Figures 3.2 D and E). 

UH2198 and óLavender Ladyô were close in color designation (Purple Group N77B and N77D, 

respectively) except óLavender Ladyô was lighter (Figures 3.2 F and G).  óARCSô and óARCS 

Hawaiiô were very close and were designated as Purple Group N79C and N79D (Figures 3.2 H 

and I).  UH2557 and UH1530 had the designation of Greyed-Purple Group 186 B and 186 C, 

respectively (Figures 3.2 J and K).  óReginaô and UH2569 both had the designation of Greyed-

Purple Group 187B (Figures 3.2 L and M). Selection UH2578 (Red-Purple Group 64A) did not 

have a close color designation to the other purples (Figure 3.2 C). 

 Red and pink spathes were categorized into the Red, Greyed-Purple, and Greyed-Red 

groups according to the Royal Horticultural Society Colour Chart (Table 3.3). óNew Pahoa Redô 

was slightly lighter in color to the other red anthuriums and was designated as Red Group 45B 

(Figure 3.3 B).  óKalapanaô and UH2237 were darker in color than óNew Pahoa Redô and both 

had the designation of Red Group 46B (Figures 3.3 C, D, B).  UH2071 was the darkest of the 

reds and was designated as Greyed-Purple Group 185A (Figure 3.3 A).  óMarian Seefurthô was 

slightly darker pink than óNew Eraô (Red Group 49B and 49C, respectively) (Figures 3.3 E and 

F).  Accession A 494 (Red Group 52B) was slightly redder in color than the other pinks (Fig 3.3 

G).  óMisty Pinkô and 768-47 were close in color designation (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). 

 Orange spathes were categorized into the Red, Orange, and Orange-Red groups, while 

corals were categorized in the Red and Red-Purple groups according to the Royal Horticultural 

Society Colour Chart (Figure 3.4).  The range of RHSCC designations for the orange spathes in 

this study were greater than for the red or purple spathes.  UH1618 was the lightest of the 

oranges (Red Group 31B) followed by UH1992 (Red Group 41 A) (Figures 3.4 A and C).  

UH2325 and óNittaô (Orange Group 33A and Orange-Red Group N30A) were darker orange in 

color than UH1618 and UH1992 (Figures 3.4 B, D, A, C).  Coral anthurium UH1900 was 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 3.4 G).  UH1545 

was most distant in color designation from the rest of the corals with a designation of Red-Purple 

Group 69A (Figure 3.4 I). 

 White anthuriums were categorized into the White-Green, Greyed-White, and White 

groups according to the Royal Horticultural Society Colour Chart (Figure 3.5).  UH2282 had a 

slight off-white color compared to the other whites and was designated as White Green group 

155D (Figure 3.5 A).  óAcropolis,ô óHilo Moon,ô and óHokuloaô were all similar in color and 

designated Greyed-White Group 156D (Figures 3.5 B, C, D).  UH2573 and óNew Pahoa Red 

(white variant)ô were also similar (White Group N155D) with a brighter appearance than the 

other white selections or cultivars in this study (Figures 3.5 E and F). 

   The green cultivars and selections in this study were very close in color designation 

(Figure 3.6).  óMidoriô (Yellow-Green Group 144A) 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 cyanidin was highest in red (UH2237, Figure 3.7 D) and pink (óMarian 

Seefurthô and óNew Era,ô Figures 3.7 A and B) followed by orange (óNitta,ô Figure 3.7E) in the 

HPLC chromatograms (Figure 3.7). The proportion of pelargonidin was present in much smaller 

amounts than cyanidin in red, pink, and orange spathes.  The white spathe (óHokuloa,ô Figure 3.7 

F) had much 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 poinsettia (Stewart et al., 1975) and spathes in anthurium (Avila-Rostant 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) (Avila-Rostant 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 been previously reported.  Results for this 

study were similar to Avila-Rostant 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), coral (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.  Avila-Rostant et al. (2010) measured pH on macerated 

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 another experiment had a slightly but 
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significantly higher pH in the adaxial epidermal peel compared with that in the abaxial epidermal 

peel (Avila-Rostant 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 epidermal cells which appear dull 

(Baumann et al., 2007; Kay 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 hybrida is 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 peony, the epidermal cell shape of white, pink, and red petals did not differ and was 

not the key factor in determining phenotype color since the epidermal cells had similar features 

of light absorption (Zhao et al., 2016).   

In many ornamental plants, the colored cells of petals were located in the epidermis or 

palisade mesophyll (Qi et al., 2013; Yoshida et al., 2003, 2009; Zhao et al., 2016).  Specifically, 

in Zantedeschia hybrids, pigments were distributed in adaxial and abaxial epidermal cells as well 

as in multiple layers of the mesophyll cells near the epidermal cells (Lei and Song, 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 pigmented epidermal 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 color (Gorton and Vogelmann, 1996; Lei and Song, 

2017; Mudalige et al., 2003; Noda et al., 1994).  In Zantedeschia hybrids, 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 selections in the purple 

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 

óARCS,ô óARCS Hawaii,ô and óLavender Ladyô are F1 siblings of the species Anthurium 

amnicola, the parent with epidermal anthocyanins (Ehrenberger and Kuehnle, 2003; Kamemoto 

et al., 1988; Kamemoto et al., 1989; Wannakrairoj and Kamemoto 1990).  The hybrid UH2555 

which also had pigmented adaxial and abaxial epidermises also has A. amnicola in its 

background via a selection that is a sibling to óARCSô and óLavender Ladyô (Figure 3.8).  

Furthermore, UH2555 (Figure 3.2 A) differed from óARCSô and óLavender Lady (Figures 3.2 H 

and G) due to red pigments in the mesophyll which may be a result of a more complex pedigree 

(Figure 3.8).  Cyanidin 3-rutinoside and peonidin 3-rutinoside were the two anthocyanins 

reported in the spathe of A. amnicola, with the former occurring in larger amounts (Marutani et 

al., 1987).  In another study, the purple anthurium cultivar óRapidoô contained cyanidin 3-

rutinoside, pelargonidin 3-rutinoside, and peonidin 3-rutinoside (from greatest to least amount) 

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

óARCSô and in red cultivars óKozoharaô and óNew Pahoa Red.ô  Peonidin 3-rutinoside always 

co-occurred with the pre-cursor, cyanidin 3-rutinoside, and the observed ratios of peonidin to 

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

observed color of the spathes.  The 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.  Red-purple pigments were 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 rhododendron petals, the epidermal cells are weakly colored while the 

adaxial sub-epidermis is strongly colored (Pecherer, 1992).  Red pigments were located in 

subepidermal cells while light pink-colored cells were located in the adaxial epidermis in cross 

sections from red blotches in Rhododendron ꜡schlippenbachii flowers (Yamagishi and Akagi, 

2013).  Although similar layering was reported in R. simsii, red-colored cells were reported in the 

epidermis while pigments in the cells of the adaxial epidermis were red purple (Huyen et al., 

2015). 

Iwata et al. (1979) identified cyanidin 3-rutinoside (cyanidin 3- rhamnosylglucoside) and 

pelargonidin 3-rutinoside (pelargonidin 3-rhamnosylglucoside) in red and pink spathes but only 

pelargonidin 3-rutinoside in orange spathes.  In later work characterizing flavonoids in anthurium 

spathes, Li et al. (2013) reported the presence of peonidin 3-rutinoside in addition to cyanidin 3-

rutinoside and pelargonidin 3-rutinoside in a majority of the red, pink, pale pink, purple, and 

brown spathes they examined.  Clark et al. (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 spathes.  In this study, the anthocyanins were 

hydrolyzed to 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., 2008; Pinho, 2011). The 

anthocyanidins are delphinidin, cyanidin, pelargonidin, petunidin, peonidin, and malvidin which 

differ due to the number of hydroxyl groups and the degree of methylation of these groups.  The 

HPLC results in this study concur with previous reports (Iwata 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 the orange cultivar óNitta,ô similar to observations of 
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Clark et al. (2014).  In this study, the HPLC chromatograms for óNittaô show a higher cyanidin 

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 the A. andraeanum-type hybrids lacked epidermal pigmentation (Ehrenberger and Kuehnle, 

2003).  In red, pink, orange, and coral spathes anthocyanins were localized in pigmented cells 

predominantly in the adaxial and abaxial hypodermis with some hybrid selections exhibiting few 

pigmented cells in the adaxial and/or abaxial epidermis and mesophyll (Table 3.2; Figures 3.3 

and 3.4).  Although the spatial location of the pigmented cells was generally similar, the amount 

of anthocyanin cannot be ascertained, since corals and pinks have lower concentrations of 

anthocyanins in comparisons with orange and red counterparts (Iwata et al., 1985).  For example, 

although the lighter hued coral selection UH2189 (Figure 3.4 G) has a similar spatial distribution 

of pigmented cells as the more intense orange cultivar óNittaô (Figure 3.4 D), óNittaô is expected 

to have greater amounts of anthocyanins.  Similarly, the pink cultivar óMarian Seefurthô (Figure 

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 studies, anthocyanin pigments were not detected in cross sections of white 

spathes and was due to considerable concentration of flavones with no detectable anthocyanins 

(Clark et al., 2014; Iwata et al., 1985; Li et al., 2013).  This study differed from previous studies, 

where a very low amount of cyanidin was detected via HPLC in the white cultivar óHokuloaô 

(Clark et al., 2014). 

Green spathes lacked 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 appearance of chocolate/brown spathes (Ehrenberger and Kuehnle, 2003).  In 
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this study, UH2071 was the only selection containing anthocyanins with prominent amounts of 

chlorophyll in the mesophyll, resulting in a reddish-brown or maroon appearance of the spathe.  

The layering of anthocyanins and chlorophyll accounts for brown (green chlorophyll with orange 

pelargonidin) and maroon spathes (green chlorophyll with red cyanidin) (Kamemoto, et al., 

1988; Kamemoto and Kuehnle 1996).  A dull brown hue was also observed in in young leaves of 

wintergreen orchid (Tipularia discolor) and was attributed to the presence of anthocyanins in the 

palisade and spongy mesophyll muddled with surrounding chloroplasts (Hughes et al., 2021).  

The segregation of spathe color because of crosses between anthuriums of different 

colors is explained in detail by Kamemoto et al. (1988).  The spatial assessment of pigmented 

cells in the different layers of the  hybrids in this research can add to the work of Kamemoto and 

Kuehnle (1996)  by allowing for a more ñtailoredò approach to anthurium breeding.  For 

example, a red × pink cross has an expected outcome of 3 red : 1 orange.  By examining the 

number of pigmented layers from the cross sections of potential parents, we can either intensify 

or tone down the coloration of the progeny by selecting for parents with either more or less 

pigmented layers.  An example would be crossing the red selection UH2237 (Figure 3.3D) with 

the more intense pink cultivar óMarian Seefurthô (Figure 3.3 E) vs the pink selection UH2265 

(Figure 3.3 J).  The progeny with óMarian Seefurthô is expected to have a more intense spathe 

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 (Iwata et al., 1979; Li et al., 2013; Clark et al., 

2014).  Spatial location of anthocyanins in anthurium species and some hybrids has been 

reported by Ehrenberger and Kuehnle (2003); Wannakrairoj and Kamemto (1990).  Vacuolar pH 
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and its relationship to spathe color variation in anthurium has also been examined (Avila-Rostant 

et al., 2010).  This study complements earlier work by providing pigment profiles for purple 

spathe selections and cultivars.  The spatial distribution of anthocyanins were more expansive in 

purple spathes and were observed in the adaxial and abaxial epidermis and in the adaxial and 

abaxial hypodermis of some selections and cultivars.  Spathe pH varied within each group and 

may have contributed to the variation in spathe color in addition to the nature, quantity, and 

spatial location of the anthocyanins present.   

Genetic transformation of anthurium has been documented (Kuehnle and Chen 1994; 

Chen and Kuehnle 1996; Chen et al., 1997; Kuehnle et al., 2004; Hayden and Christopher 2004; 

Khaithong et al., 2006, 2007; Fitch et al., 2011; Hosein et al., 2012; Matsumoto et al., 2013), 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 anthocyanins.  This information 

may also help classical breeding by elucidating the current profile of anthuriums 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 left 

and right lobes, the central left and right side (excluding the main 

vein), and the central narrow area toward the apex of the spathe 
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Table 3.1.  pH measurements of anthurium hybrids in different color groups.  
Color 

Group 

Cultivar/ 

Selection 
RHSCC No. and Color Group  Mean 

Spathe pH 

Standard 

Error 

Mean Color 

Group pH 

Purple UH2198 Purple Group N77B 6.30 0.05 5.82 

 óARCS Hawaiiô Purple Group N79D 6.18 0.05  

 óLavender Ladyô Purple Group 77D 6.00 0.05  

 UH2557 Greyed-Purple Group 186B 6.00 0.19  

 óReginaô Greyed-Purple Group 187B 5.98 0.02  

 óUtahô Red-Purple Group 71A 5.97 0.18  

 1715-52 Purple Group N77B 5.92 0.10  

 UH1530 Greyed-Purple Group 186C 5.87 0.03  

 óARCSô Purple Group N79C 5.81 0.08  

 UH2555 Red-Purple Group 60A 5.81 0.03  

 UH2578 Red-Purple Group 64A 5.78 0.06  

 UH2574 Red-Purple Group 59B and 61A 5.74 0.06  

 705-1 Red-Purple Group 71A 5.66 0.09  

 óPoni Aliôiô Red-Purple Group 59C/Red Group 46B 5.57 0.07  

 UH2569 Greyed-Purple Group 187B 5.27 0.13  

 UH2565 Red-Purple 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 Green-White Group 157A/157B 6.07 0.06  

White óTropic Mistô Greyed-White Group 156D 6.13 0.00 5.96 

 UH2573 White Group N155C 6.11 0.02  

 óAcropolisô Greyed-White Group 156D 6.04 0.04  

 óHilo Moonô Greyed-White Group 156D 6.02 0.03  

 óHokuloaô Greyed-White Group 156D 5.91 0.19  

 UH2282 White-Green Group 155D 5.85 0.24  

 óNew Pahoa Redô (white variant) White Group N155D 5.67 0.08  

Pink UH2265 Greyed-Red Group 181D 6.10 0.10 5.78 

 óNew Eraô Red Group 49C 6.00 0.03  

 óMarian Seefurthô Red-Purple Group 62D/Red Group 49B 5.64 0.20  

 óFlamingoô 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 Red-Purple Group 69A/69D 5.92 0.06  

 óAnuenueô Red Group 38B 5.83 0.18  

 óToyama Peachô Red Group 49A/49B 5.77 0.10  

 UH2065 Red Group 38D 5.54 0.11  

 UH2189 Red Group 39D 5.50 0.12  

 óNew Pahoa Redô (coral variant) Red Group 39B,39A 5.20 0.02  

Orange UH2327 Red Group 43B 5.70 0.13  

 óNittaô Orange-Red Group N30 5.62 0.37  

 UH1992 Red Group 41A 5.52 0.05 5.40 

 UH2010 Orange-Red Group N34 5.38 0.07  

 UH1618 Red Group 31B 5.37 0.14  

 'New Pahoa Redô (orange variant) ---------- 5.10 0.08  

 UH2325 Orange Group 33A 5.12 0.18  

Red UH2071 Greyed-Purple Group 185A 5.60 0.23 5.46 

 óKalapanaô Red Group 46B 5.51 0.14  

 UH2053 Red Group 46B 5.45 0.09  

 óNew Pahoa Redô 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 layers of Anthurium spathes.  Scoring of the presence of anthocyanin in 

cells of tissue layers: 0 = no anthocyanins, 1 = very few cells with anthocyanins, 2 = few cells with anthocyanins, 3 

= moderate number of cells with anthocyanins, 4 = most cells with anthocyanins, 5 = all cells with anthocyanins. 

Color 

Group 

Cultivar / 

Selection 

RHSCC 

number  
Adaxial  Abaxial 

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 

 705-1 71A 0 5 2 0 0 
 óUtahô 71A 4 5 4 5 4 
 UH2198 N77B 5 5 4 3 5 
 óLavender Ladyô 77D 5 5 4 5 5 
 óARCSô N79C 5 5 4 5 5 
 óARCS Hawaiiô N79D 5 5 3 5 5 
 UH2557 186B 5 5 2 4 5 
 UH1530 186C 5 5 3 5 5 
 óReginaô 187B 5 5 2 5 5 

 UH2569 187B 4 5 3 5 5 

Red UH2071 185A 0 5 2 5 1 
 óNew Pahoa Redô 45B 0 5 1 5 1 
 óKalapanaô 46B 0 5 2 5 1 
 UH2237 46B 0 5 2 5 0 

Pink óMarian Seefurthô 49B 0 5 0 5 0 

 óNew Eraô 49C 1 4 0 4 1 

 A 494 52B 2 5 2 4 1 

 óMisty Pinkô 54C 0 4 2 4 0 

 768-47 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 

 óNittaô N30A 0 5 2 5 0 

 
óNew Pahoa Redô 

(orange variant) 

 

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 

 óAcropolisô 156D 0 0 0 0 0 

 óHilo Moonô 156D 0 0 0 0 0 

 óHokuloaô 156D 0 0 0 0 0 

 UH2573 N155C 0 0 0 0 0 

 
óNew Pahoa Redô 

(white variant) 

N155D 

0 0 0 0 0 

Green óMidoriô 144A 0 0 0 0 0 

 UH2568 144B 0 0 0 0 0 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe  Cross Section 

A.) UH2555  

 

 

Red-

Purple 

Group 

60A 

  
B.) UH2565 

1435-11 

 

 

 

 

Red-

Purple 

Group 

60A 

 

 

C.) UH2578 

1521-37 

 

 

 

 

 

Red-

Purple 

Group 

64A 

 
 

Figure 3.2.  Color characterization and cross-sections of selections in the purple group.   

A.)  UH2555 B.) UH2565 C.) UH2578. 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Cross Section 

D.) 705-1  

 

 

 

Red-

Purple 

Group 

71A 

 

 

E.) óUtahô  

 

 

 

Red-

Purple 

Group 

71A 

 

 

 

F.) UH2198  

 

 

 

Purple 

Group 

N77B 

 
 

Figure 3.2. (Continued)  Color characterization and cross-sections of selections in the purple  

group.  D.) 705-1 E.) óUtahô F.) UH2198. 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Cross Section 

G.) óLavender 

Ladyô 

 

 

 

 

Purple 

Group 

77D 

 

 

H.) óARCSô  

 

 

 

Purple 

Group 

N79C 

 

 

I.) óARCS 

Hawaiiô 

 

 

 

Purple 

Group 

N79D 

 

 

Figure 3.2. (Continued)  Color characterization and cross-sections of selections in the purple 

group.  G.) óLavender Ladyô H.) óARCSô I.) óARCS Hawaii.ô 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Cross Section 

J.) UH2557  

 

Greyed-

Purple 

Group 

186B 

 

 

K.) UH1530  

 

 

Greyed-

Purple 

Group 

186C 

  

L.) óReginaô 

UH1469  

 

 

 

 

Greyed-

Purple 

Group 

187B 
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M.) UH2569 

1686-61 

 

 

 

Greyed-

Purple 

Group 

187B 

  
Figure 3.2. (Continued)  Color characterization and cross-sections of selections in the purple  

group.  J.) UH2557 K.) UH1530 L.) óReginaô M.) UH2569. 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Cross Section 

A.) UH2071  

 

 

Greyed-

Purple 

Group 

185A 

 
 

B.) óNew 

Pahoa 

Redô 

 

 

 

Red 

Group 

45B 

 

 

C.) óKalapana' 

(Non 

obake) 

 

 

Red 

Group 

46B 

  
D.) UH2237  

 

 

Red 

Group 

46B 

 

 

Figure 3.3.  Color characterization and cross-sections of selections in the red and pink group.  

A.) UH2071 B.) óNew Pahoa Redô C.) óKalapana' D.) UH2237. 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe  Cross Section 

E.) óMarian 

Seefurthô 

 

 

Red 

Group 

49B 

  
F.) óNew Eraô  

 

 

Red 

Group 

49C 

 

 

G.) A 494  

 

 

Red 

Group 

52B 

 

 

Figure 3.3.  (Continued)  Color characterization and cross-sections of selections in the red and 

pink group.  E.) óMarian Seefurthô F.) óNew Eraô G.) A 494. 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Cross Section 

H.) óMisty 

Pinkô     

 

 

 

 

Red 

Group 
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Red 

Group 

55C 

 
 

J.) UH2265  

 

Greyed-

Red 

Group 

181D 

 

 

Figure 3.3.  (Continued)  Color characterization and cross-sections of selections in the red and 

pink group.  H.) óMisty Pinkô I.) 768-47 J.) UH2265. 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Picture Cross Section 

A.) UH1618  

 

Red 

Group 

31B 

  

B.) UH2325  

 

Orange 

Group 

33A 

 
 

C.) UH1992  

 

Red 

Group 

41A 

 

 

 

D.) óNittaô  

 

Orange-

Red 

Group 

N30 A 

 
 

Figure 3.4.  Color characterization and cross-sections of selections in the orange and coral 

group.  A.) UH1618 B.) UH2325 C.) UH1992 D.) óNitta.ô 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Cross Section 

E.) óNew 

Pahoa 

Redô 

(orange 

variant) 

 

 

 

 

---------- 

 
 

F.) UH2065  

 

 

Red 

Group 

38D 

 

 

 

G.) UH2189  

 

 

Red 

Group 

39D 

 

 

H.) UH1900  

 

 

Red 

Group 

38A 
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I.) UH1545  

Red-

Purple 

Group 

69A 

 

 

Figure 3.4.  (Continued)  Color characterization and cross-sections of selections in the orange 

and coral group.  E.) óNew Pahoa Redô (orange variant) F.) UH2065 G.) UH2189  

H.) UH1900 I.) UH1545. 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Picture Cross Section 

A.) UH2282  

 

 

White- 

Green 

Group 
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B.) óAcropolis'  

 

 

Greyed-

White 

Group 

156D 

 

 

C.) óHilo 

Moonô  
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Group 

156D 

 
 

D.) óHokuloaô   

 

Greyed-

White 

Group 

156D 

 
 

Figure 3.5.  Color characterization and cross-sections of selections in the white group.   

A.) UH2282 B.) óAcropolis' C.) óHilo Moonô D.) óHokuloa.ô 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Picture Cross Section 

E.) UH2573  
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Group 

N155C 

 

 

F.) óNew 

Pahoa 

Redô 

(white 

variant) 

 

 

 

White 

Group 

N155D 

 

 

Figure 3.5.  (Continued)  Color characterization and cross-sections of selections in the white 

group.  E.) UH2573 F.) óNew Pahoa Redô (white variant). 
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Cultivar / 

Selection 

RHS no. 

and color 

group 

Spathe Picture Cross Section 

A.) óMidoriô  

 

Yellow-

Green 

Group 

144A 

  
B.) UH2568  

 

Yellow-

Green 

Group 

144B 

 

 

Figure 3.6.  Color characterization and cross-sections of selections in the green group.     

A.) óMidoriô B.) UH2568. 
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Figure 3.7  continued on next page 
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Figure 3.7.  HPLC chromatograms of anthocyanidin standards compared to hydrolyzed 

anthocyanins from anthurium spathes.  (A) óMarian Seefurth,ô (B) óNew Era,ô (C) Anthocyanidin 

standards corresponding to A and B, (D) UH2237, (E) óNitta,ô (F) óHokuloa,ô (G) Anthocyanidin 

standards corresponding to D, E, and F. 
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Figure 3.8.  Pedigree of UH2555.   
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Chapter 4 

TRANSIENT GENE EXPRESSION OF F3ô5ôH, DELILA , AND ROSEA1 IN 

ANTHURIUM  VIA AGROINFILTRATION   

 

ABSTRACT   

Anthurium is one of the most important tropical floriculture crops that lack blue flowers due to 

the absence of the flavonoid 3ô,5ô-hydroxylase (F3ô5ôH) gene for production of delphinidin, the 

pigment responsible for blue color.  The delphinidin pathway is of interest for genetic 

engineering of anthurium for production of novel-colored spathes. However the development of 

stable transformants is a lengthy process, therefore, transient transformation was explored as an 

alternative to stable transformation to examine temporary heterologous foreign gene expression 

utilizing agroinfiltration for of the structural gene F3ô5ôH and the transcription factors Delila and 

Rosea1.  We hypothesized that blue coloration will develop as a result of agroinfiltration with 

F3ô5ôH, Delila and Rosea1. Detached spathes of óMarian Seefurth,ô UH2010, UH2555, and 

UH2008 agroinfiltrated with F3ô5ôH;  óNew Era,ô UH2008, and UH2172 agroinfiltrated with 

Delila; and UH2008 agroinfiltrated with Rosea1, all developed blue spots.  Detached spathes of 

óNew Eraô and UH2008 agroinfiltrated with the combination of F3ô5ôH, Delila and Rosea1, also 

developed blue coloration.  The blue coloration, however, was not repeated in óMarian Seefurthô 

in a separate experiment when agroinfiltrated with F3ô5ôH.  Furthermore, blue coloration in the 

Agrobacterium control for UH2010 unexpectedly developed, since 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 attached spathes of óNew Eraô and óMarian Seefurth,ô 

but blue color did not develop 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 with F3ô5ôH.  However, in a separate 

experiment, both older and younger spathes of UH1688 did not produce blue coloration when 

infiltrated with the combination of F3ô5ôH, Delila , and Rosea1.  Unexpectedly both older and 

younger spathes of óNittaô infiltrated with buffer (control) produced blue coloration despite the 

lack of the color gene or transcription factors.  The effect of full spectrum light emitting diodes 

(LED) and red spectrum-enriched LED on transient expression was conducted on UH2189 and 

óMarian Seefurth.ô  No blue coloration developed for either cultivar/selection, but increased red 

coloration was observed 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 

areas of the óNew Eraô spathes were not pronounced as for UH2189, however the spathe of óNew 

Eraô under the red spectrum LED had a deeper pink color than the spathe under full spectrum 

LED.  , Sonication was attempted to improve transient expression in agroinfiltrated óPumehanaô 

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 tissue senescence because of Agrobacterium infection 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  

Anthurium is a genus in the family Araceae, consisting of perennial, herbaceous, 

epiphytes with a creeping climbing habit and comprising over 118 genera with approximately 

3,800 species (Boyce and Croat, 2013; Ulrich et al., 2013; Henriquez et al., 2014).  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 mainly a result 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, and blue-black colors (Davies, 

2009).  Anthocyanidins are the base pigments consisting of a 15-carbon structure of two 

aromatic rings (the A and B rings) joined by a third ring (the C-ring) (Davies, 2008).  The 

anthocyanidins are glycosylated to form the various anthocyanins, and the degree of 

hydroxylation of the B ring 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 plants (Schwinn and 

Davies, 2004). 

 Pelargonidin 3-rutinoside (synonymous with pelargonidin 3-rhamnosylglucoside) and 

cyanidin 3-rutinoside (synonymous with cyanidin 3-rhamnosylglucoside) were identified as the 

anthocyanins responsible for the major spathe color of orange to coral and red to pink in 

anthurium spathes (Iwata et al., 1979, 1985).  Both pelargonidin 3-rutinoside and cyanidin 3-

rutinoside were found in red and pink spathes with varying ratios of cyanidin to pelargonidin 

between cultivars (Iwata et al., 1985; Li et al., 2013).  Only pelargonidin 3-rutinoside was found 

in orange and coral spathes (Iwata et al. 1985).  In the lavender-hued Anthurium amnicola 
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Dressler, cyanidin 3-rutinoside was determined to be a major anthocyanin and peonidin 3-

rutinoside as a minor anthocyanin (Marutani et al., 1987).  In subsequent research, low 

concentrations of peonidin 3-rutinoside were discovered in red and pink spathes (<1 % total 

anthocyanins in the red spathes and <10 % in pink spathes) (Li et al. 2013a; Clark et al., 2014; 

Teixeira da Silva et al., 2015).  White spathes lack anthocyanins (Iwata 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 expression of several structural genes.  The 

structural genes flavanone 3-hydroxylase (F3H), flavonoid 3ô-hydroxylase (F3ôH), and flavonoid 

3ô,5ô-hydroxylase (F3ô5ôH) are responsible 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 R2R3-myeloblastosis 

(MYB), basic helix-loop-helix (bHLH), and WD40 repeat (WDR) transcription factor families 

(Quattrocchio et al., 1998; Koes et al., 2005).  Delila is a bHLH transcription factor while 

Rosea1 is a MYB transcription factor, both are from snapdragon, and their interaction controls 

anthocyanin accumulation in flowers (Martin et al., 1991).  Delila regulates the expression of 

late structural genes including F3H, DFR, anthocyanidin synthase (ANS) and UFGT (Martin et 

al., 1991). Rosea1 controls the expression of flavanone 3-hydroxylase (F3H), flavonol synthase 

(FLS), flavonoid 3ǋ-hydroxylase (F3ǋH), dihydroflavonol 4-reductase (DFR), leucoanthocyanidin 

dioxygenase (LDOX) and UDP-glucose 3-O-flavonoid transferase (UFGT) (Schwinn et al., 

2006).  Heterologous expression of Delila and Rosea1 enhanced the anthocyanin accumulation 

in tomato fruit, tobacco flowers and Lilium tepals (Naing et al., 2017; Naing et al., 2018; Fatihah 

et al. 2019). 
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 Important commercial ornamental plants lack blue-hued flowers due to the absence of the 

structural gene (F3ô5ôH) responsible for delphinidin production.  Genetic modification for 

ectopic expression of F3ô5ôH has been employed to create blue-colored 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 is of interest for genetic 

engineering of anthurium for production of novel-colored 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 engineered roses (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 expression is a 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 infiltration of Agrobacterium into the intercellular 

spaces of target tissues, via syringe or under vacuum.  Agrobacterium-mediated stable 

transformation requires the integration of T-DNA into the genome of host cells, while for 

transient assays, non-integrated T-DNA can be transcribed and expressed in the nucleus of the 

host cell (Kapila et al., 1997).  Agroinfiltration and particle bombardment are methods that have 

been employed for transient assays in anthurium (Collette, 2002; Hayden and Christopher, 2004; 

Hosein et al., 2012).   Particle bombardment is the physical delivery of high velocity DNA 

coated microparticles (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 transcription factors have been reported for Cymbidium (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 that resulted in  browning 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 structural genes in 

Gerbera (iris-DFR and petunia-F3ô5ôH) (Hussein et al., 2013) and rose (Commelina communis 

F3ô5ôH, Torenia fournieri DFR and ANS) (Zeinipour et al., 2018), and transcription factors in 

Lilium (snapdragon-Delila and Rosea1) (Fatihah et al., 2019).  Optimization studies for transient 

expression of  ɓ-glucuronidase (GUS) were reported in anthurium using agroinfiltration under 

vacuum (Hosein et al., 2012).  No studies have been reported using agroinfiltration for transient 

expression of transcription factors or structural genes in the anthocyanin pathway of anthurium 

spathes.   

Although agroinfiltration is a useful approach for transient studies, the Agrobacterium 

may not reach the proper cells in target tissue.  To overcome this barrier, sonication can be used 

to create small fissures in the tissue to allow for easier infection by Agrobacterium (Trick and 

Finer, 1997).  Sonication improved Agroinfiltration in soybean(King et al., 2015), hemp 

(Deguchi et al., 2020), cowpea (Bakshi et al., 2011), and citrus (Oliveira et al., 2009). 

Host factors such as developmental maturity of plant material can affect Agrobacterium 

transient expression.  Few studies reported using different maturity stages of spathe development 

for transient assays in anthurium.  Hosein et al. (2012) examined the transient expression of ɓ-

glucuronidase in anthurium leaf tissue at different stages of development: Stage 1, young, 

unopened leaves; Stage 2, fully expanded young leaves (floppy); and Stage 3, fully expanded, 

mature and firm leaves. Stage 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, 2014a).  Red (600ï700 nm) radiation is required for photosynthesis and is 

responsible for plant elongation, phytochrome responses, and biomass accumulation (Schuerger 

et al., 1997; Son and Oh, 2013; Lee et al., 2014).  Blue (400ï500 nm) radiation on the other 

hand, represses elongation, is required for photosynthesis, and is responsible for the production 

of secondary metabolites (Tibbitts et al., 1983; Son and Oh, 2013; Lee et al., 2014; Kopsell et al., 

2015).  Green (500ï600 nm) radiation is not absorbed as intensely as red or blue radiation but 

promotes photosynthesis by penetrating deep in the leaf and plant canopy (Terashima et al., 

2009; Brodersen and Vogelmann, 2010; Meng and Runkle 2020).  The effect of LED on growth 

of in vitro anthurium (Budiarto, 2010; Gu et al., 2012; Martínez-Estrada et 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 determine if anthurium spathes can show transient 

color change using agroinfiltration of transcription factors Delila and Rosea1  and the structural 

gene F3ô5ôH, and to enhance gene expression with varying gene delivery conditions, stage of 

spathe development and post-infiltration 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 cultivars or selections were obtained from the anthurium breeding program 

maintained at the University of Hawaii at Manoa and were selected based on work in Chapter 3.  

óMarian Seefurth,ô óNew Era,ô UH1545, UH1992, UH2008, UH2010, UH2081, UH2172, 

UH2189, UH2237, UH2282, UH2307, UH2555, and 1523-35 were used in experiments  on 

detached spathes.  óMarian Seefurthô and óNew Eraô were used in experiments with spathes still 

attached to the plant.  óNitta,ô UH1618, and UH1688 were used in experiments involving two 

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 benthamiana plants were used as controls and were grown in a growth 

chamber at 25ɕC, under fluorescent lighting at 12 hours light and 12 hours dark.  Spathes of 

anthuriums and leaves of N. benthamiana were visually observed for color change after 

infiltration. 

Unfurled anthurium spathes of óPumehanaô (still attached to the plants) were used in an 

experiment to determine the effect of sonication pretreatment on transient expression.    

Anthurium spathes were 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 were 

observed visually for color change.  Cross sections of selected spathe tissue were prepared for 

microscopic examination following Ehrenberger and Kuehnle (2003) and Mudalige et al. (2003).  

Spathe sections were cut into 1 cm2 pieces and placed in a sidearm flask 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 under laboratory vacuum (å 600 mm Hg) for approximately 30 minutes until 

tissues appeared water soaked.  Cross sections (0.1-0.2 mm) were cut using a sharp razor blade 

and mounted with 0.25% PEG solution on glass microscope slides.  Tissues were examined 

using a Leitz microscope (Leitz Wetzler, Mod. No. 567119, Germany) and photographed with an 

Amscope digital camera (Mod. No. MU1803, Irvine, CA). 

To examine the effects of light quality on color development, attached spathes of óNew 

Eraô or detached spathes of UH2189 were placed under either red spectrum-enriched light 

emitting diodes (LED) for budding and flowering (Model 74303, Feit Electric Company, Pico 

Rivera, CA 90660) or full spectrum LED for vegetative growth (Model GLP24FS/19W/LED, 

Feit Electric Company, Pico Rivera, CA 90660).  Spathes were visually observed for color 

changes near areas of infiltration.   

Preparation of Agrobacterium suspension and infection cultures 

The structural gene F3ô5ôH, and transcription factors Delila and Rosea1 were provided 

by Cathie Martin (John Innes Center, Norwich, UK) and plasmids containing the color genes 

were assembled and incorporated into Agrobacterium by Xiaoling He (Hawaii Agriculture 

Research Center (HARC), HI).  The Agrobacterium strain for this study is AGL0, containing one 

of the following plasmids with the NPTII  selection gene: 1) pJAM1983 with the gene F3'5'H 

from petunia, 2) pJAM1889 with the transcription factor Delila from Antirrhinum majus, 3) 

pJAM1463 harboring the transcription factor Roseal from A. majus. 

Two test tubes were used to produce the Agrobacterium inoculum for each AGL0 strain.  

A single colony of Agrobacterium was inoculated per tube containing 2 mL of YEB and 2 ɛL 

each of rifampicin stock (50 mg/mL) and kanamycin stock (50 mg/mL), and grown for two days 

at 250 rpm on a shaker at 28ɕC.  Three mL of the Agrobacterium suspension from the test tubes 
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were transferred to a 120 mL flask with 30 mL YEB and 30 ɛL each of rifampicin stock (50 

mg/mL) and kanamycin stock (50 mg/mL) and placed on a shaker at 250 rpm and 28ɕC. (M. 

Fitch and X. He, personal communication).  After approximately 4 hours, 100 ɛM 

acetosyringone was added to the bacterial culture, and it was returned to the shaker for at least 30 

min.  Cells were adjusted to a final OD600 of 0.8, collected by centrifugation for 15 min at 3000 

g, and resuspended in 10 mM MES (pH 5.5) with 10 mM MgSO4 for agroinfiltration. (Yang et 

al., 2000).  Equal volumes of each bacterial solution (corresponding to different Agrobacterium 

strains carrying either F3ô5ôH, Delila or Rosea1) from each test tube were combined to make 

inocula with different constructs.  

Approximately 100 ɛL of bacterial suspension was injected into anthurium spathes using 

a 1 mL plastic syringe (with a needle) while a needleless syringe was used to infiltrate N. 

benthamiana leaves.  Each treatment injection site, was typically 3ï4 cm2 in infiltrated area. 

After agroinfiltration, detached spathes or plants with intact spathes were placed under 

fluorescent lighting at room temperature unless 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 pitanga (Eugenia uniflora L.) (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% 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 
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pipetting the supernatant into a 50 mL Falcon tube (Corning Inc., Tewksbury, MA). The addition 

of acidic methanol, 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 4ęC, the supernatant was collected into a 50 mL digestion tube 

(Environmental Express, Charleston, South Carolina) and air-dried with compressed air 

overnight.  

Pre-purification 

The extract was pre-purified with a hexane-water partition to remove lipophilic 

compounds.  The dried extract was resolubilized in 5 mL hexane and 10 mL distilled water.  The 

mixture was vortexed, sonicated, then centrifuged at 4000 rpm for 5 min at 4ęC.  The bottom 

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

hexane layer containing the lipophilic 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 Sep-PakÊ C18 silica cartridges (Part No. 

51910, Waters, Milford, MA), attached in tandem, and preconditioned using 10 mL ethyl acetate, 

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

HCl was passed through the cartridges to remove free sugars. The cartridges were dried for 30 

min by attaching directly to a stream of N2 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 scintillation vials using 0.1% v/v MeOH/ HCl.  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 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).  The air-dried 

extract was hydrolyzed at 95ɕC in 2 mL of 1.2 M HCl 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 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 resolubilizing the air-dried sample in 1 mL 10% 

formic acid and 1 mL 1.2 M HCL 50% v/v aqueous MeOH.  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 centrifuged 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 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 -80ɕC.  To prepare standards for HPLC, equal volumes of anthocyanidin stock solutions were 
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combined, dried in a rotary evaporator, and dissolved in a 1:1 solution of 1.2M HCl/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 an 

XBridgeTM PEPTIDE XB-C18 column (3.5 µm particle size, 130 Å pore size, 2.1 mm x 20 mm) 

attached to an XBridgeTM BEH C18 VanGuard Cartridge (3.5 µm particle size, 130Å pore size, 

2.1 mm x 5 mm) column guard (Waters Corp, Milford, MA).  Injection volume was 10 µL 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 gradient for analysis of anthocyanins was programmed from 10% 

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 14.5 to 19.5 min. UV-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 using the method of Kuehnle et al., 1997 with slight 

modifications.  Anthurium spathe tissues (0.5 g fresh weight)were cut into 1-2 mm strips, placed 

into 15 mL glass test tubes with screw caps (Pyrex® no.9825), with 3 mL of 3 N HCl and placed 

in a water bath at 100ɕC for 60 min to remove sugars from the anthocyanins via acid hydrolysis.  

The liquid was transferred to 15 mL Falcon tubes (Corning Inc., Tewksbury, MA) and 
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centrifuged at 3000 rpm for 15 min.  The supernatant was poured into new 15 mL Falcon tubes 

and 2 mL of ethyl acetate was added to the solutions in each tube.  The 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 µL of amyl alcohol was added to the aqueous fraction, and the 

tubes were vortexed.  The amyl alcohol layer (i.e., the upper layer containing the anthocyanidins) 

was collected into 2 mL microcentrifuge tubes, and the solution was completely dried with 

compressed air in the fume hood.  The samples were stored at -80ɕC until ready for thin layer 

chromatography (TLC).  Prior to TLC analysis, the dried samples were redissolved in 20 µL 

HPLC grade MeOH. 

Stock solutions of anthocyanidin standards, cyanidin chloride, pelargonidin chloride, 

delphinidin 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 at -80ɕC.  Prior to TLC analysis, anthocyanidin stock solutions were diluted 1:1 with 

HPLC grade methanol.  Anthocyanidins and reference standards were co-chromatographed by 

TLC on plastic-backed cellulose TLC plates (Plastic-backed cellulose (fibrous), 20 X 20 cm, 100 

µm, Miles Scientific, Newark, Delaware).  Premeasured marks for 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 µl of anthocyanidin standards and 2 to 

4 µl of sample were spotted on the TLC plates and allowed to dry for 10 min or immediately 

placed into the solvent HCl/formic acid/H2O, 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 óMarian Seefurthô agroinfiltrated with F3ô5ôH developed blue-hued areas of 

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 selections with a wider range of spathe colors were infiltrated with the following 

treatments:  agroinfiltration with F3ô5ôH, agroinfiltration without F3ô5ôH, and only infiltration 

buffer (Figure 4.2).  Agroinfiltration without F3ô5ôH was included to determine if color change 

results from Agrobacterium infection alone.  Results were variable among selections. Selections 

UH2307 (Figure 4.2 A, B, C) and UH2237 (Figure 4.2 D, E, F) did not show any color change 

for all treatments, with the latter exhibiting water soaking at sites infiltrated with Agrobacterium 

(Figure 4.2 B and C).  Blue-hued areas were observed on spathes agroinfiltrated with or without 

F3ô5ôH, in UH2010 (Figure 4.2 H and I).  Although selections UH2555 (Figure 4.2 J, K, L) and 

UH2008 (Figure 4.2 M, N, O) exhibited color changes only in spathes infiltrated with F3ô5ôH, 

color changes were more pronounced in UH2008 (Figure 4.2 O). 

The effect of the structural gene F3ô5ôH in the presence of the transcription factors Delila 

and Rosea1 was examined in spathes of óNew Eraô and UH2008 (Figures 4.3 and 4.4).  Leaves of 

Nicotiana benthamiana plants were also infiltrated for comparison (Figure 4.5).  The treatments 

were as follows: buffer control, agroinfiltration with F3ô5ôH, Delila, or Rosea1 separately, and 

agroinfiltration with all three: F3ô5ôH, Delila and Rosea1.  In óNew Era,ô color change was 

observed approximately 6 days after infiltration at the sites of infiltration with Delila alone 

(Figure 4.3 C) or the combination of F3ô5ôH, Delila and Rosea1 (Figure 4.3 E), while spathes 

infiltrated with only buffer (control), F3ô5ôH, or Rosea1 (Figure 4.3 A, B, D) did not result in 
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any color change at the sites of infiltration.  In UH2008, no color change was observed at the 

sites of infiltration for buffer control (Figure 4.4 A), although slight blue coloration developed on 

several areas in spathes infiltrated solely with F3ô5ôH or Rosea1, and the combination of F3ô5ôH,  

Delila, and Rosea1 (Figure 4.4 B, D, E).  Weak blue coloration was observed near a wound site 

for the selection spathe agroinfiltrated with Delila (Figure 4.4 C).  In N. benthamiana responses 

were similar to óNew Eraô.  Color change was observed at the sites of infiltration with Delila 

(Figure 4.5 C)  and the combination of F3ô5ôH, Delila and Rosea1 (Figure 4.5 E) 5 days after 

infiltration while the buffer (control), F3ô5ôH, or Rosea1 (Figure 4.5 A, B, D) did not result in 

any color change at the sites of infiltration.  

 Pink-spathed óNew Eraô and óMarian Seefurthô were agroinfiltrated with F3ô5ôH, Delila 

and Rosea1 to further examine transient expression of all three genes combined in detached 

spathes (Figure 4.6).  Nine days after infiltration, no color changes were observed, but browning 

at sites of injection was observed for all treatments for both óNew Eraô and óMarian Seefurth.ô  

HPLC chromatograms for anthocyanidin extracts obtained from the infiltrated spathes of óNew 

Eraô (Figure 4.7) and óMarian Seefurthô (Figure 4.8) show accumulation of cyanidin.  No 

delphinidin was detected in any of the treatments. 

 Subsequently, experiments were conducted with the different treatments on a single 

spathe to reduce biological variation. óMarian Seefurth,ô UH2189, 1523-35, UH1545, UH2282, 

UH2081, UH1992 and UH2172 were infiltrated with the following treatments on each spathe:  

buffer control agroinfiltrated without color constructs, agroinfiltrated with Delila, and 

agroinfiltrated with the combination of F3ô5ôH, Delila and Rosea1 (Figure 4.9).  No color 

change was observed for óMarian Seefurth,ô 1523-35, UH1545, UH2081, and UH1992 at 

injection sites approximately 12 days after infiltration (Figure 4.9 A, C, D, F, G).  Infected sites 
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developed browning at sites of injection.  In UH2189, pink coloration was observed in the site 

agroinfiltrated without color constructs (Figure 4.9 B).  Pink coloration was also detected in 

UH2282 (Figure 4.9 E) at the sites of infiltration for the buffer control, Delila, and the 

combination of F3ô5ôH, Delila  and Rosea1.  Faint blue coloration was observed close to needle-

wounding spots for Delila infiltration on UH2172 (Figure 4.9 H). 

Transient expression on attached spathes 

The structural gene F3ô5ôH was infiltrated into spathes of óNew Eraô to observe any color 

changes while the spathes remained attached to the plant, allowing for normal respiration.  No 

color change was observed for any of the treatments (Figure 4.10).  However, browning of 

spathe tissues at sites of injection was observed for all treatments due to needle wounding 

(Figure 4.10 A, B, and C), In both agroinfiltration treatments, browning extended beyond the 

injection sites (Figure 4.10 B and C).   

We tested infiltration with the structural gene F3ô5ôH and transcription factors Delila and 

Rosea1 into spathes of óNew Eraô (Figure 4.11).  Darker pigmentation was observed 9 days after 

infiltration for the control spathe at the injection site (Figure 4.11 A).  No color change or 

increase in pigmentation was observed for both the spathe agroinfiltrated without color 

constructs and the spathe infiltrated with the combination of F3ô5ôH, Delila and, Rosea1 (Figure 

4.11 B and C).  However, browning at sites of injection was observed for both treatments with 

Agrobacterium.  HPLC chromatograms for all treatments for óNew Eraô (Figure 4.13) showed 

peaks with similar retention times for cyanidin and pelargonidin.  N. benthamiana was used as a 

control, and color change was observed at the sites of infiltration with F3ô5ôH,  Delila, and 

Rosea1 4 days after infiltration (Figure 4.12 C).  Infiltration with only buffer (control), or 

Agrobacterium without the color constructs did not result in any color change at the sites of 
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infiltration (Figure 4.12 A and B).  HPLC chromatograms for N. benthamiana (Figure 4.14) 

showed no accumulation of anthocyanidins.  No delphinidin was detected for the any of the 

treatments for either óNew Eraô or N. benthamiana. 

Spathes of óMarian Seefurthô were infiltrated with the structural gene F3ô5ôH and 

transcription factors Delila and Rosea1 and observed for color change for up 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, B, C) and 17 days post infiltration (Figure 4.15 D, E, F).   

Effect of spathe maturity  on transient expression 

The effect of spathe maturity on transient expression of F3ô5ôH was examined on 

immature (one week after unfurling) and mature (approximately three weeks after unfurling) 

spathes of UH1688.  Blue coloration developed close to wounding sites on both mature (4.16 B) 

and immature spathes (Figure 4.16 D) infiltrated with F3ô5ôH .  No color change was observed 

for the buffer control of both mature (4.16 A) and immature spathes (Figure 4.16 C).  

Transient expression of different treatments on the same spathe was tested on mature and 

immature spathes of UH1618, óNitta,ô and UH1688.  The following treatments were infiltrated 

into each spathe:  buffer control, agroinfiltrated without color constructs, agroinfiltrated with 

Delila, and agroinfiltrated with the combination of F3ô5ôH, Delila, and Rosea1 (Figure 4.17).  

No color change was observed at injection sites for all treatments in both immature and mature 

spathes of UH1618 and UH1688 approximately 13 days after infiltration (Figure 4.17 A, B, E, 

F).  Browning was observed in all sites infiltrated with the different strains of Agrobacterium.  

Faint blue coloration was observed close to needle wounding spots for buffer infiltration 

(control) on spathes of óNittaô (Figure 4.17 C and D). 
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The effect of LED on color development 

 Detached spathes of UH2189 were infiltrated with the following treatments on each 

spathe:  buffer control, agroinfiltrated without color constructs, and agroinfiltrated with the 

combination of F3ô5ôH,  Delila, and Rosea1 (Figure 4.18) and placed under either full spectrum 

LED for vegetative growth or under red spectrum enriched LED for budding and flowering.  

Although no blue pigmentation was observed, increased red areas of coloration developed two 

weeks later for all infiltrated sites on UH2189 spathes under full spectrum or red spectrum-

enriched LED (Figure 4.18).  However, the red pigmentation was more intense under the red-

enhanced LED (Figure 4.18 B).  TLC analysis demonstrated that no delphinidin was present, and 

only cyanidin was present for all three treatments in UH 2189 (Figure 4.20, Table 4.1). 

Two weeks after infiltration, no blue pigmentation was observed in attached óNew Eraô 

spathes treated with buffer control, agroinfiltrated without color constructs, and agroinfiltrated 

with the combination of F3ô5ôH, Delila, and Rosea1 (Figure 4.19).  Browning of injections sites 

was observed, with more pronounced browning of infiltrated areas for the óNew Eraô spathe 

under the full spectrum LED (Figure 4.19 A).  The spathe under the red spectrum-enriched  LED 

(Figure 4.19 B) had a deeper pink color compared to the spathe under the full spectrum LED 

(Figure 4.19 A).  TLC analysis demonstrated that only cyanidin was present for all three 

treatments in óNew Eraô spathes and that no delphinidin was detected (Figure 4.21, Table 4.2). 

 In another experiment, detached spathes of UH2189 were infiltrated with the following 

treatments on separate spathes:  buffer control, agroinfiltrated without color constructs, and 

agroinfiltrated with the combination of F3ô5ôH, Delila, and Rosea1 (Figure 4.22), placed under 

red spectrum-enriched LED, and observed 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 4.22 A, B, C).  Spathes for all treatments appeared to have darker overall pigmentation 

approximately eight days after infiltration and exposure to red spectrum-enriched LED lighting 

(Figure 4.22 D, E, F).  Furthermore, browning of infiltrated areas was observed for both 

agroinfiltrated treatments (Figure 4.22 E and F), but browning was more extensive for spathe 

tissue agroinfiltrated without color constructs (Figure 4.22 E).  Darker red pigmentation was 

observed on all spathes approximately three weeks after infiltration (Figure 4.22 G, H, I).  In the 

control spathe infiltrated with only buffer, the darker pigmentation was limited to the physical 

wounds created by the hypodermic needle (Figure 4.22 G).  Darker pigmentation extended 

beyond the injection wound into the infiltrated tissue for spathes infiltrated with Agrobacterium 

without color constructs (Figure 4.22 H) and infiltrated with the combination of F3ô5ôH, Delila, 

and Rosea1 (Figure 4.22 I). 

Sonication effects 

 Sonication was attempted to enhance Agrobacterium infection and potentially transient 

expression in infiltrated spathes.  óPumehanaô spathes remained attached to the plants and were 

infiltrated with the following treatments on separate spathes:  buffer control (Figure 4.23), 

agroinfiltrated without color constructs (Figure 4.24), and agroinfiltrated with the combination of 

F3ô5ôH, Delila, and Rosea1 (Figure 4.25).  The spathes were sonicated in distilled water for 1 

minute after infiltration.  Slight blue color was observed on the right middle portion of the buffer 

control spathe (Figure 4.23 A).  From colored sections on the spathes, microscopic observations 

were made, and cells of lighter color were seen in the cross sections (taken approximately 2 days 

after infiltration) (Figure 4.23 B and C).  No color change was observed for the treatment with 

the Agrobacterium without color constructs when the spathe and cross sections were examined 

(Figure 4.24 A and B).  Blue coloration was observed at the tip and the middle part of the spathe 



 

90 
 

infiltrated with the combination of F3ô5ôH, Delila, and Rosea1 after one day (Figures 4.27 A and 

C) and three days (Figure 4.25 E).  Cells of lighter color were seen in the cross sections (Figure 

4.25 B, D, and F). 

 The pigments from different sections on each spathe of óPumehanaô, corresponding to the 

infiltration treatments were extracted and analyzed by TLC against known anthocyanidin 

standards.  TLC analysis demonstrated that only cyanidin was present for all three treatments 

(Figure 4.26, Table 4.3).  Delphinidin was not detected in spathes of óPumehana.ô 

 

DISCUSSION 

Transient transformation is an alternative approach to stable transformation for rapid 

examination of heterologous foreign gene expression.  A small fraction (if any) of introduced 

DNA will be incorporated into the host chromosome, and the remaining unincorporated 

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 useful for identifying 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 structural gene F3ô5ôH and the transcription factors Delila and Rosea1  in 

anthurium. 

Transient expression on detached spathes 

In this study, we first examined transient expression in detached spathes of anthurium as 

in other studies where plant parts were detached for transient assays (Yasmin and Debener, 2010; 

Hosein et al., 2012; Hussein et al., 2013; Pinthong et al., 2014, Zeinipour et al., 2018; Fallahpour 
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et al., 2022).  Transient expression seemed promising when blue coloration appeared in óMarian 

Seefurth,ô UH2010, UH2555, and UH2008 agroinfiltrated with F3ô5ôH (Figures 4.1 B and 4.2 I, 

L, O); óNew Era,ô UH2008, and UH2172 agroinfiltrated with Delila (Figures 4.3 C, 4.4 C, and 

4.9 H); and UH2008 agroinfiltrated with Rosea1 (Figure 4.4 D).  Furthermore, óNew Eraô and 

UH2008 also had blue coloration when agroinfiltrated with the combination of F3ô5ôH, Delila, 

and Rosea1 (Figures 4.3 E and 4.4 E).  óMarian Seefurthô in a separate experiment did not 

produce blue coloration when agroinfiltrated with F3ô5ôH (Figure 4.9 A) as was seen in the 

earlier experiment (Figure 4.1 B).  Blue coloration in the Agrobacterium control 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 expression in attached spathes of anthurium to observe color 

changes while the spathes remained attached to the plant.  Contrary to the blue coloration we saw 

in detached spathes (Figure 4.1 B, 4.3 C and E), no color change was observed for attached 

spathes of óNew Eraô agroinfiltrated with F3ô5ôH (Figure 4.10 C) or agroinfiltrated with the 

combination of F3ô5ôH, Delila, and Rosea1 (Figure 4.11 C).  Also, no color change was 

observed for attached spathes of óMarian Seefurthô agroinfiltrated with the combination of 

F3ô5ôH, Delila, and Rosea1 even though we observed the spathes for up to 17 days post 

infiltration (Figures 4.11 C).  HPLC chromatograms also confirmed that no delphinidin was 

present in the attached spathes of óNew Eraô agroinfiltrated with the color genes (Figure 4.13). 

Effect of spathe maturity  on transient expression 

 Not many studies have been reported using different maturity stages  for transient assays 

in anthurium, but Hosein et al. (2012) examined the transient expression of ɓ-glucuronidase in 



 

92 
 

anthurium leaf tissue at different stages of development (Stage 1, young, unopened leaves; Stage 

2, fully expanded young leaves (floppy); and Stage 3, fully expanded, mature and firm leaves) 

and reported that stage 2 leaf tissue gave the highest transient transformation efficiency.  To 

examine the effect of spathe age on transient expression of color genes, we infiltrated older (fully 

unfurled spathes approximately three to four weeks after unfurling) and younger spathes (newly 

unfurled spathes approximately one week after unfurling) of different anthurium 

cultivars/selections (Figures 4.16 and 4.17).  Although we used spathes instead of leaves for our 

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 appeared in both older and younger spathes 

of UH1688 agroinfiltrated with F3ô5ôH (Figure 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 of F3ô5ôH, Delila, and Rosea1 (Figure 4.17 E and F).  

Unexpectedly, both older and younger spathes of óNittaô infiltrated with buffer (control) 

produced blue coloration despite the lack of the color gene or transcription factors (Figure 4.17 C 

and D).  In the color pathway, DFR is the next enzyme after F3ô5ôH that is needed to convert the 

intermediate product (leucodelphinidin) into delphinidin.  Collette 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 they defined and examined:  1, flower not 

yet emerged; stage 2, flower is first visible; stage 3, flower protrudes from the protecting leaf 

sheath; stage 4, flower peduncle elongated but the spathe tightly furled; stage 5,  the spathe is 

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

open).  For the red (óAltarô) and an orange (óAtlantaô) in their study, DFR transcripts were 
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highest when the spathe first emerges (stage 2) and protrudes from the leaf sheath (stage 3), 

while for pink óLido,ô DFR transcripts were highest when the spathe was fully open (stage 6) 

(Collette et al., 2004).  The immature stage in our studies was one week later and four weeks 

later for immature and mature spathes, respectively, in comparison 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 to senescence 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 bluing was associated with tissue senescence as a 

result of Agrobacterium infection.  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 release of ammonium ion from Ŭ-amino acids (Paull et al., 1985).  Phenolic 

compounds also increased during senescence and could have intensified the color change in 

anthurium spathes through co-pigmentation (Paull et al., 1985).  Changes in tissue pH during 

senescence 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), and larkspur (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 F3ô5ôH and transcription factors Delila and Rosea1  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 potential delphinidin accumulation.  

Katsumoto et al. (2007) used flavonoid analysis and pH measurements on 169 rose cultivars to 

select suitable hosts for their studies.  Agroinfiltration was investigated in Rosa hybrida as a 

rapid and reliable method to assess the function 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 with dark petals 

after 6-8 days (Zeinipour et al., 2018).   Red, yellow, orange, and white cultivars did not show 

blue coloration.   

The source of exogenous genes 

The level of expression of a foreign gene in a target species is unpredictable, and the 

activity of the genes in the native plant may not be the same as in a transgenic plant (Togami et 

al., 2006).  In our study, F3ô5ôH and transcription factors Delila and Rosea1 were tested for 

transient expression in various cultivars of anthurium.  Transient expression of these genes was 

inconsistent in anthurium, leaning more towards non-functional transient expression.  Expression 

via color change in tobacco was consistent for both the structural gene F3ô5ôH or Delila alone, or 

F3ô5ôH, Delila, and Rosea1 in combination.  The introduction of an exogenous gene does not 

guarantee heterologous expression in the target host.  The expression of F3ô5ôH genes from 

petunia, gentian, or butterfly 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 transformation of rose 

with a pansy (Viola spp.) F3ô5ôH gene resulted 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 hybrida (petunia), Lavandula sp. (lavender) or Clitoria ternatea (butterfly 

pea), under the control of the Nicotiana tabacum elongation factor 1 Ŭ (EF-1Ŭ) promoter failed 

to yield chrysanthemums with delphinidin-accumulating flowers.  Further investigation of 

F3ô5ôH derived from various plants, and under the control of  chrysanthemum petal-specific 

CmF3H promoter led to the determination  that the Lobelia erinus (lobelia) and Gentiana triflora  

(gentian) F3ô5ôH did not result in delphinidin production in chrysanthemum, the F3ô5ôH derived 

from Pericallis hybrida (cineraria) and Verbena hybrida (verbena) showed moderate delphinidin 

contents, and the F3ô5ôH from Campanula showed 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.  In Cymbidium, 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 factor Leaf color and MYB 

transcription factors Colorless1 (from Zea mays) and AaMYB1 (from Anthurium andraeanum) 

produced pale foci when bombarded into cymbidium individually.  In contrast, the dicot bHLH 

transcription factors Delila (from Antirrhinum majus) and Mutabilis (from Petunia hybrida) did 

not produce any pigmentation, while the MYB transcription factors Rosea1 (from A. majus) and 

Anthocyanin2 (from P. hybrida) produced much fewer colored foci in comparison to Colorless1 

and AaMYB1.   

Although AaMYB1 is native to anthurium, it may not have been expressed at the stages of 

the plant material in our transient assays. Transcripts of AaMYB1 peaked early in spathe 

development before unfurling, and declines throughout the later stages of spathe development as 
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seen in anthurium óAltarô (Collette, 2002).  Perhaps the co-transformation of AaMYB1 along with 

Delila and F3ô5ôH into anthurium spathes may produce color changes.  Other possible future 

transient studies could include monocot-derived transcription factors and structural genes.  

However, the same result for AaMYB1 in cymbidium may not be seen in anthurium, since the 

expression profile for AaMyb1 appears 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 factors are more similar to MYB genes of Oncidium and Phalaenopsis 

orchids (OgMYB1, psUMYB6) and maize (C1), rather than those from petunia (An2) and 

Antirrhinum (Rosea1) (Chiou and Yeh, 2008; Ma et al., 2009; Albert et al., 2010).  The 

nucleotide sequences of monocot transcription factors AaMyb1, OgMYB1, and PsUMYB6 are 

more similar to C1 from maize than transcription factors An2 and Rosea1 from dicot species 

(Albert et al., 2010).  Furthermore, motif 6 found in dicot anthocyanin-regulating MYB proteins 

does not exist in AaMYB1, OgMYB1, PsUMYB6, and C1, 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 assays may indicate the affinity of monocot MYB transcription factors 

over dicot MYB transcription factors for Cymbidium biosynthetic gene promoters (Albert et al., 

2010).   

Multiple gene construct 

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

our study is the use of single gene constructs.  In this study F3ô5ôH, Delila, and Rosea1 were 

placed in separate constructs and in separate Agrobacteria.  Transient expression using F3ô5ôH 
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alone in anthurium may be difficult to assess, depending on the endogenous pigment present in 

the tissue, and may require the combination of transcription factors (MYB/BHLH complex) and 

F3ô5ôH to increase anthocyanin production (David Lewis, Plant and Food Research, New 

Zealand, personal communication).  Zeinipour et al. (2018) found that the multigene construct 

pBIH-35S-Del2 (containing Commelina communis F3ô5ôH, Torenia fournieri DFR and ANS 

(anthocyanin synthase)) in the rose cultivar óPurple Powerô showed the most suitable 

combination for transient expression studies.  Zeinipour et al. (2018) also reported that the 

multigene constructs pBIH-35S-Del2 produced more delphinidin than the pBIH-35S-Cc F3ô5ôH 

construct which contained only C. communis F3ô5ôH.  Perhaps a multigene construct containing 

F3ô5ôH, Delila, and Rosea1 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 in target tissue 

(Roy et al., 2000; Shah et al., 2015; Teixeira da Silva et al., 2015).  Promoters can be categorized 

into constitutive, inducible, and tissue-specific promoters.  Constitutive promoters initiate 

transcription of a gene in all tissues at all times. Inducible promoters are signaled to activate 

transcription of a gene in response to a stimulus such as hormones or stress.  Tissue-specific 

promoters control gene transcription in particular tissues in accordance with developmental 

stage. (Shah et al., 2015).  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 for novel color include carnation, rose, and torenia (Mol et al., 1999; Fukui et al., 2003; 



 

98 
 

Katsumoto et al., 2007; Suzuki et al., 2000).  However, the CaMV35S promoter is not always 

best-suited for producing the desired results of transgene expression.  For example, the 

CaMV35S promoter is silenced by methylation in gentian (Mishiba et al., 2005).  Brugliera et al. 

(2013) reported that a pansy F3ô5ôH gene under the control of a chalcone synthase promoter 

fragment from rose was more significant than the CaMV35S promoter for production of 

delphinidin in transgenic chrysanthemum flower petals.  Transformation of Nicotiana 

benthamiana with the transcription factors Delila and Rosea1  under control of the CaMV35S 

promoter resulted in stunted plants with anthocyanins in all parts, while transformation of the 

same genes under the control of Floral Binding Protein 1 (FBP1), a flower-specific 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 transformation in chrysanthemums 

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

2000).  Alternatively, the Nicotiana tabacum elongation factor 1 Ŭ (EF-1Ŭ) gene promoter was 

reported to efficiently promote GUS expression in chrysanthemums when compared to the 

CaMV35S promoter (Aida et al., 2005).  Although Aida et al. (2005) reported efficient GUS 

expression using the EF-1Ŭ promoter, Noda et al. (2013) reported unpublished data in which, 

introduction of F3ô5ôH cDNAs from various plants, including Petunia hybrida (petunia), 

Lavandula sp. (lavender) or Clitoria ternatea (butterfly pea), under the control of the EF-1Ŭ 

promoter did not result in delphinidin accumulation in transgenic chrysanthemum flowers.  Noda 

et al. (2013) further tested the constitutive promoter CaMV35S and six anthocyanin biosynthetic 

gene promoters [Gerbera hybrida (gerbera) chalcone synthase gene (CHS), rose CHS, Rosa 

rugosa (rugosa rose) dihydroflavonol 4-reductase gene (DFR), rugosa rose flavanone 3-

hydroxylase gene (F3H), pansy F3ô5ôH BP40, chrysanthemum flavanone 3-hydroxylase 
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(CmF3H)], each fused to a pansy F3ô5ôH cDNA and transferred to chrysanthemum plants.  They 

determined that the petal-specific CmF3H promoter 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 modification (Chen and Kuehnle, 1996; Chen et al., 1997; Kuehnle et 

al., 2004).  Hosein et al. (2012) used the CaMV35S promoter for optimization of Agrobacterium-

mediated transient studies in anthurium but used GUS gene expression as an indicator.  

Matsumoto et al. (2013) evaluated different promoters (Ubiquitin 2, Actin 1, Cytochrome C1 

from rice, Ubiquitin 1 from 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 than CaMV35S 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 study.  Perhaps the use of a tissue 

specific promoter or the ubiquitin promoter may have allowed for better transient expression of 

the constructs in our studies. 

 

Endogenous gene knockout or silencing 

Agroinfiltration of F3ô5ôH in anthurium spathes was not conclusive for the transient 

production of blue coloration in this study.  Perhaps the endogenous genes in anthurium, such as 

endogenous DFR or F3ôH which lead to the production of pelargonidin and cyanidin, 

respectively, outcompeted the exogeneous F3ô5ôH gene and 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 are essential to 

achieve violet/blue-hued flowers by accumulation of delphinidin (Gion et al., 2012). For the 

development of blue roses, Katsumoto et al. (2007) downregulated the endogenous DFR gene in 

rose via RNAi-mediated silencing and overexpressed the Iris ×hollandica DFR gene (from 

Dutch iris) in addition to the viola F3ô5ôH gene resulting in roses that predominantly 

accumulated delphinidin.  Transgenic chrysanthemum expressing up to 80% delphinidin was 

achieved by hairpin RNA interference-mediated silencing of the endogenous F3ôH gene, and 

expression of the pansy F3ô5ôH gene under the control of a chalcone synthase promoter fragment 

from rose (Brugliera et al., 2013).  The expression of a pansy or petunia F3ô5ôH gene and the 

petunia DFR gene in white carnations that lacked expression of the endogenous DFR 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 were placed either under full spectrum 

LED for vegetative growth or under red spectrum-enriched 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 agroinfiltrated 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 

pigmentation than the spathe under the full spectrum LED (Figure 4.18 A).  óNew Eraô is a 

cultivar with pink spathes and is darker than UH2189.  Darker pigmentation in infiltrated areas 

of the óNew Eraô spathes were not pronounced as for UH2189.  However, the spathe of óNew 

Eraô grown under red spectrum LED (Figure 4.19 B) had a deeper pink color than the spathe 

grown under blue spectrum LED (Figure 4.19 A).  Different light spectra are responsible for 
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plant growth and production of secondary metabolites (Carvalho and Folta, 2014a).  Red (600ï

700 nm) radiation is required for photosynthesis and is responsible for plant elongation, 

phytochrome responses, and biomass accumulation (Schuerger et al., 1997; Son and Oh, 2013; 

Lee et al., 2014).  Blue (400ï500 nm) radiation represses elongation, is required for 

photosynthesis, and is responsible for the production of secondary metabolites (Tibbitts et al., 

1983; Son and Oh, 2013; Lee et al., 2014; Kopsell et al., 2015).  Green (500ï600 nm ) radiation 

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

in the leaf and plant canopy (Terashima et al., 2009; Brodersen and Vogelmann, 2010; Meng and 

Runkle 2020).  Far-red (700ï800 nm) radiation is responsible for stimulating shade avoidance 

and controlling the production of anthocyanins (Carvalho and Folta, 2014b).  The combination of 

these wavelengths could have synergistic or antagonistic effects on plant growth (Meng and 

Runkle 2020).  In lettuce óSunmang,ô a greater dose of blue radiation increased secondary 

metabolite concentrations, whereas a greater dose of red radiation increased shoot weight and 

projected leaf area (Son et al., 2017).  Both the full spectrum LED and the red-spectrum enriched 

LED used in this study had a combination of blue, red, and green radiation.  The photon flux 

(µmol/s) for the full spectrum LED was blue 5.24 µmol/s, green 6.92 µmol/s,  and red 13.44 

µmol/s.  The photon flux (µmol/s) for the red spectrum-enriched LED was blue 4.80 µmol/s, 

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

have stimulated the production 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 óNew Eraô appeared darker under the enhanced red 

spectrum 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 intensified red coloration on lettuce óRouxaiô with increasing blue:red 

ratios, and that substitutional green or far- red radiation decreased the anthocyanin accumulation.  

Zhang and Folta (2012) also reported increased anthocyanin concentration in lettuce óRed Sailsô 

with increasing blue photon flux density, and 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 expression in our studies.  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 by vacuum infiltration.  Sivanandhan et al. (2015) reported higher 

transient GUS expression (84% of explants) of Withania somnifera nodal explants with a 

combination of vacuum infiltration followed by sonication.  Sonication followed by vacuum 

infiltration resulted in high GUS expression in the leaf, male and female flowers, stem, and root 

tissues in hemp (Cannabis sativa L.)  (Deguchi et al., 2020).  Sonication and vacuum infiltration 

were reported to improve Agrobacterium-mediated 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 

vacuum-assisted agroinfiltration. We attempted sonication followed by syringe infiltration, rather 

than vacuum infiltration, to improve penetration and infection of spathe tissue with the 

Agrobacterium strains carrying the constructs.  The inclusion of sonication did not clearly 

improve the effectiveness of agroinfiltration for transient expression in óPumehana,ô since blue 
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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 GUS (ɓ-glucuronidase) or GFP (green fluorescent protein) are 

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

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.  At least, reporter 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 gene (D.  Lewis, Plant and 

Food Research, New Zealand, personal communication).  Some 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 transformation in 

several species including orchids (Teixeira da Silva et al., 2011).  Successful transient gene 

expression was reported in the dendrobium cultivar Sonia Earsakul after agroinfiltration with 

constructs containing the gusA gene (Pinthong et al., 2014).  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 optimization of transient expression studies on anthurium 

leaf explants (Hosein et al., 2012).  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 of delphinidin expression.  In the case of Lilium, 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 transient transgene expression (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 selectable marker in our research might have enabled us to 

visualize even slight transient expression of F3ô5ôH, Delila, and Rosea1 through fluorescence 

rather than depending on color change alone.  
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Figure 4.1.  Assessment of transient expression of F3ô5ôH on óMarian Seefurth.ô  Circles 

indicate injection sites with color change.  (A) Buffer control.  (B) Agroinfiltrated with F3ô5ôH. 
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Figure 4.2.  Agroinfiltration with F3ô5ôH, agroinfiltration without F3ô5ôH, and only infiltration buffer to determine if color change 

results from Agrobacterium alone or transient expression of the structural gene F3ô5ôH.  UH2307 (A, B, C), UH2237 (D, E, F), 

UH2010 (G, H, I), UH2555 (J, K, L), UH2008 (M, N, O).   
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Figure 4.3.  Detecting transient expression of F3ô5ôH, Delila, Rosea1 and the combination of 

F3ô5ôH, Delila, and Rosea1 in óNew Eraô approximately six days post treatment.  Circles 

indicate areas of injection with color change.  (A) Buffer control. (B) Agroinfiltrated with 

F3ô5ôH. (C) Agroinfiltrated with Delila. (D) Agroinfiltrated with Rosea1. (E) Agroinfiltrated 

with F3ô5ôH, Delila, and Rosea1. 
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Figure 4.4.  Detecting transient expression of F3ô5ôH, Delila, Rosea1 and the combination of 

F3ô5ôH, Delila, and Rosea1 in UH2008 approximately four days post treatment.  Circles indicate 

areas of injection with color change.  (A) Buffer control. (B) Agroinfiltrated with F3ô5ôH. (C) 

Agroinfiltrated with Delila. (D) Agroinfiltrated with Rosea1. (E) Agroinfiltrated with the 

combination F3ô5ôH, Delila, and Rosea1. 
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Figure 4.5.  Detecting transient expression of F3ô5ôH, Delila, Rosea1 and the combination of 

F3ô5ôH, Delila, and Rosea1 in Nicotiana benthamiana approximately 5 days post treatment.  

Circles indicate areas of injection with color change.  (A) Buffer control. (B) Agroinfiltrated with 

F3ô5ôH. (C) Agroinfiltrated with Delila. (D) Agroinfiltrated with Rosea1. (E) Agroinfiltrated 

with F3ô5ôH, Delila, and Rosea1. 
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Figure 4.6.  Detecting transient expression of the combination of F3ô5ôH, Delila, and Rosea1 in 

detached óNew Eraô and óMarian Seefurthô approximately nine days post treatment.  óNew Eraô: 

(A) Buffer control; (B) Agroinfiltrated without color constructs; (C) Agroinfiltrated with F3ô5ôH, 

Delila, and Rosea1.  óMarian Seefurthô: (D) Buffer control; (E) Agroinfiltrated without color 

constructs; (F) Agroinfiltrated with F3ô5ôH, Delila, and Rosea1. 
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Figure 4.7. HPLC profiles of infiltrated spathes of óNew Era.ô  A  Buffer-infiltrated spathe as 

control.  B.  Spathe infiltrated with Agrobacterium without the color constructs.  C.  Spathe 

infiltrated with separate strains of Agrobacterium carrying F3ô5ôH, Delila, or Rosea1.  D.  

Anthocyanidin standards. Peak 1:  delphinidin, Peak 2:  cyanidin, Peak 3:  pelargonidin, Peak 4:  

peonidin, Peak 5:  cyanidin. 
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Figure 4.8.  HPLC profiles of infiltrated spathes of óMarian Seefurth.ô  A  Buffer infiltrated 

spathe as control.  B.  Spathe infiltrated with Agrobacterium without the color constructs.  C.  

Spathe infiltrated with separate strains of Agrobacterium carrying F3ô5ôH, Delila, or Rosea1.  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 of Delila and the combination of F3ô5ôH, Delila, and 

Rosea1 in óMarian Seefurthô (A), UH 2189 (B), 1523-35 (C), UH1545 (D), UH2282 (E), 

UH2081 (F), UH1992 (G), and UH2172 (H) approximately 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 with Delila, 

(4) Agroinfiltrated with F3ô5ôH, Delila, and Rosea1.  
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Buffer Control Agroinfiltrated without color gene  Agroinfiltrated with F3ô5ôH 

 
  

Figure 4.10.  In planta transient expression of F3ô5ôH in óNew Era,ô nine days post treatment:  

(A) Buffer control; (B) Agroinfiltrated without color gene; (C) Agroinfiltrated with F3ô5ôH. 

 

 

 

 

 

 

 

 

   
Figure 4.11.  Detecting transient expression of the combination of F3ô5ôH, Delila, and Rosea1 

in detached óNew Eraô spathes approximately nine days post treatment: (A) Buffer control; (B) 

Agroinfiltrated without color constructs; (C) Agroinfiltrated with F3ô5ôH, Delila, and Rosea1. 
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Figure 4.12.  Detecting transient expression of the combination of F3ô5ôH, Delila, and Rosea1 in 

Nicotiana benthamiana approximately four days post treatment.  Circles indicate areas of 

injection with color change.  (A) Buffer control; (B) Agroinfiltrated without color constructs;  

(C) Agroinfiltrated with F3ô5ôH, Delila, and Rosea1. 
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Figure 4.13.  HPLC profiles of infiltrated spathes of óNew Era.ô  A.  Buffer-infiltrated spathe as 

control.  B.  Spathe infiltrated with Agrobacterium without color constructs.  C.  Spathe 

infiltrated with separate strains of Agrobacterium carrying F3ô5ôH, Delila, or Rosea1.   

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

Peak 4:  peonidin, Peak 5:  cyanidin. 
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Figure 4.14.  HPLC profiles of infiltrated leaves of Nicotiana benthamiana.  A.  Buffer-

infiltrated leaves as control.  B.  Leaves infiltrated with Agrobacterium without color constructs.  

C.  Leaves infiltrated with separate strains of Agrobacterium carrying F3ô5ôH, Delila, or Rosea1.  

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

Peak 4:  peonidin, Peak 5:  cyanidin. 
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Figure 4.15.  In planta transient expression of F3ô5ôH in óMarian Seefurthô seven days post 

treatment:  (A) Buffer control; (B) Agroinfiltrated without color constructs; (C) Agroinfiltrated 

with F3ô5ôH, Delila, and Rosea1.  Seventeen days post treatment:  (D) Buffer control; (E) 

Agroinfiltrated without color constructs; (F) Agroinfiltrated with F3ô5ôH, Delila, and Rosea1.   
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Figure 4.16.  Comparison of spathe developmental stage (fully expanded vs. newly unfurled) on 

transient expression of F3ô5ôH in UH1688.  Circles indicate injection sites with color change. 

(A) Buffer control fully expanded spathe. (B) Fully expanded spathe agroinfiltrated with F3ô5ôH.  

(C) Buffer control newly unfurled spathe. (D) Newly unfurled spathe agroinfiltrated with 

F3ô5ôH. 
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