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  ABSTRACT 

 

What Makes a Red Potato Red: Identifying Amino Acids that Influence Substrate Specificity of 

Potato DFR 

Teddy Samuel Yesudasan, Cornell University, School of Integrative Plant Science, Section of 

Plant Breeding and Genetics 

 

Pigmented potatoes (Solanum tuberosum L.) are a rich source of anthocyanin pigments. 

Dihydroflavonol 4-reductase (DFR) is a rate limiting enzyme in the flavonoid pathway that gives 

rise to the anthocyanin pigments pelargonidin (red), cyanidin (pink) and delphinidin (purple) by 

reducing dihydrokaempferol (DHK), dihydroquercetin (DHQ) and dihydromyricetin (DHM), 

respectively.  It has previously been shown that dfr corresponds to the R locus in potato, where 

one specific allele is able to direct synthesis of red pigments and other alleles are unable to do so.  

To test whether either of two amino acids (alanine at position 143, cysteine at position 154) in a 

putative substrate binding region determines ability to produce red anthocyanins, six chimeric 

constructs of dfr were made by reciprocal exchanges between red and non-red alleles.  These 

constructs, as well as wild type red and non-red alleles, were introduced into the potato cultivar 

Prince Hairy (genotype dddd rrrr P-), which has pale blue flowers. The flowers of engineered lines 

were monitored for shifts to purple coloration and anthocyanins were analyzed using UHPLC/MS.  

Although individual amino acid changes altered both flower color and anthocyanin profiles, 

possessing alanine at position 143 and cysteine at 154 gave the largest effect.  Editing both of these 

positions may be sufficient to convert white potatoes to red potatoes, and vice-versa. 
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CHAPTER 1 

INTRODUCTION 

 

Role of Potato 

Within the grand scheme of history, the potato is a relatively new crop in the Old World as it 

was brought from South America to Europe in the 16th century (Salaman, 1949). Potatoes were 

first cultivated in the Andes several thousand years ago, near Lake Titicaca, which is located on 

the present-day border of Bolivia and Peru (Morales Garzon, 2007). Followed by rice and wheat, 

potato ranks third in world food crop consumption and fourth in food production (FAOSTAT, 

2013). Potato yields many calories per acre of land and contains important vitamins and nutrients 

so that, from a nutritional standpoint, potatoes are superior to cereal crops when consumed as the 

sole component of a diet (Davidson, 1975). A recent comprehensive study on the impact of 

agricultural productivity on population growth and economic development concluded that the 

introduction and adoption of potatoes in the Old World was responsible for approximately 25% of 

the growth in population and urbanization between the 18th and 19th century (Nunn & Qian, 2011).  

Cultivated varieties of potatoes that give rise to red or purple flesh are a rarity beyond the 

center of origin in the Andes (Brown et al., 2005). In recent years, potato varieties with pigmented 

flesh have garnered much interest (Manach et al., 2004; Tajner-Czopek et al., 2012; Perla et al., 

2012), mainly because of the high anthocyanin content of the tubers. As a result, potato breeders 

have started developing pigmented varieties. The antioxidant activity of red or purple fleshed 

potatoes is akin to spinach or brussels sprouts (Brown 2005). Brown (2005) reported that, on 

average, purple and red cultivars contain 0.009 to 0.038 g of total anthocyanins per 100 g fresh 
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weight. Pigments from colored potatoes can potentially be used as natural dyes (Wrolstad et al. 

2001). Since potatoes are a low-cost crop, they may be a better source for natural dyes than other 

conventional sources. There is also potential for the use of colored potato flour for innovative 

snacks (Nems et al., 2015; Nayak et al., 2011).  

Anthocyanins 

 

Anthocyanins (from Greek, Anthos meaning flower and kyanos meaning blue) are a group 

of water-soluble phenolic compounds, collectively called flavonoids, responsible for the attractive 

colors of many flowers, fruits and vegetables (Kong et al., 2003). Anthocyanins act as an electron 

sink aiding in antioxidant activity, protect plant tissues from adverse effects of excess light and 

ultraviolet radiation, act as pollinator attractants, and help signal fruit ripening (Chalker‐Scott, 

1999). Anthocyanins also play an indirect role in plant growth and development encompassing 

response to stress and gene expression affected by modulating reactive oxygen signaling (Lev-

Yadun & Gould, 2008). In addition to being beneficial to plants themselves, anthocyanins may be 

advantageous to animals and humans (Sandoval-Ramírez et al., 2018). The benefits of the 

consumption of anthocyanin-rich foods are still poorly understood (Daneshzad et al., 2018; Khoo 

et al., 2017; Pojer et al., 2013).  

Anthocyanidins are aglycones of anthocyanins. The six commonly occurring 

anthocyanidins are cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin (Fig. 1). 

In addition to the aglycone, the basic anthocyanin structure is that of a flavylium ion which has 

methoxy and hydroxyl attachments based on the type of the pigment.  

There are two groups of genes involved in the synthesis of anthocyanins: structural genes 

that encode anthocyanin biosynthetic enzymes and regulatory genes responsible for the expression 
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of structural genes (Jaakola et al., 2002).  At least nine structural genes have been elucidated (Fig. 

2) (Holton and Cornish 1995).  This dissertation focuses on the structural gene, dfr, that codes for 

dihydroflavonol reductase in potato.  

a 

 

b 

Anthocyanidin R3' R5' 

Pelargonidin 

 

H H 

Delphinidin 

 

OH OH 

Cyanidin 

 

OH H 

Petunidin 

 

OCH3 OH 

  Malvidin OCH3 OCH3 

 

Peonidin 

 

OCH3 H 

 

Figure 1. Anthocyanin structure 

a. Basic anthocyanin structure, b. Table showing chemical groups at 3' and 5' positions of various 

anthocyanidins 

 

 

O - Glycosides 
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Dihydroflavonol 4-reductase (DFR) and substrate specificity 

DFR is a rate-limiting biosynthetic enzyme in the anthocyanin pathway and catalyzes an 

essential reaction that reduces colorless dihydroflavonols dihydrokaempferol (DHK), 

dihydroquercetin (DHQ) and dihydromyricetin (DHM) to leucoanthocyanidins, eventually leading 

to the production of anthocyanidin pigments pelargonidin (red), cyanidin (pink) and delphinidin 

(purple), respectively (Holton and Cornish 1995). The three substrates (DHK, DHQ, and DHM) 

are similar in structure: the only difference between them is the number of hydroxyl groups on the 

B phenyl ring (Fig. 2). Two other important enzymes in anthocyanidin synthesis are flavonoid 

3'hydroxylase (F3'H) and flavonoid 3'5'-hydroxylase (F3'5'H) that convert DHK to DHQ and 

DHM, respectively (Brugliera et al., 1999; Holton et al., 1993). The ability of DFR to reduce the 

substrates DHK, DHQ and DHM varies across species; in some species, DFR can efficiently 

metabolize all three, in others, only a subset (Heller et al., 1985; Meyer et al., 1987; Stich et al., 

1992; Tanaka et al., 1995; Fischer et al., 2003; Obsuwan et al., 2007).  In Matthiola incana, DFR 

is capable of reducing DHK (Heller et al., 1985). DFR reduces DHQ and DHK to cyanidin and 

pelargonidin, respectively, in both Zea mays L. and Antirrhinum majus. Obsuwan et al. (2007) 

studied orchid DFR and concluded that it does not show substrate specificity: it can efficiently 

reduce DHK, DHQ and DHM.  

            In Petunia (Forkmann & Ruhnau, 1987) and Cymbidium (Johnson et al., 1999), DFR can 

efficiently reduce DHQ and DHM, but not DHK, while in Gerbera, DFR is able to efficiently 

reduce all three substrates (Johnson et al., 2001).  Johnson et al. (2001) demonstrated that substrate 

specificity of DFR could be altered by changing a single amino acid in Gerbera DFR. When this 
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mutant was introduced into a Petunia line that lacked DFR activity, the mutant DFR preferentially 

used DHK as a substrate en route to the production of pelargonidin.  

          Competition between enzymes may also influence color. Forkmann et al. (1987) 

demonstrated in Petunia hybrida that enhanced expression of flavonol synthase (FNS) resulted in 

DHK being converted into kaempferol, instead of leucopelargonidin, suggesting that FNS can 

compete with DFR to mask DFR activity.  Similarly, Obsuwan et al. (2007) hypothesized that 

mutations in F3'H, which converts DHK to DHQ, can increase the amount of DHK available to 

DFR, leading to the production of more pelargonidin and less cyanidin. 

The red (R) locus in potato is required for the production of red anthocyanins in any tissue 

of the potato plant (Salaman, 1910).  It has been shown that R codes for DFR (dfr), where a specific 

dominant allele enables the production of red pelargonidin pigment (Zhang et al., 2009). While 

this allele of dfr is capable of reducing DHK, other potato dfr alleles cannot do so (De Jong et al., 

2003).  

            The goal of this study was to examine the basis of dfr substrate specificity in potato by 

identifying the amino acids responsible for the ability to utilize DHK. De Jong et al. (2003) 

compared dfr alleles from three different cultivars, namely W5281.2, Kennebec, and Jashim and 

found that the protein sequences differ at a relatively small number of positions. The W5281.2 

protein, which is capable of utilizing DHK, differed at ten amino acid positions when compared to 

both Kennebec and Jashim. Two of the ten polymorphic amino acids in W5281.2 map to a 26 

amino acid region known to affect substrate specificity in Gerbera (Johnson et al. 2001).  Prior 

transgenic experiments in Petunia (De Jong and Cheng, unpublished) demonstrated that the ‘non-

red’ allele of dfr in Kennebec is functional, able to convert white petunia flowers to pink.  In this 
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dissertation, chimeric versions of the ‘red’ allele of dfr from W5281.2 and the ‘non-red’ allele 

from Kennebec were created to identify the nucleotide/amino acid positions that influence 

substrate specificity of potato DFR.  

 

Figure 2. Anthocyanin biosynthesis pathway adapted from Holton and Cornish 1995 
Enzyme abbreviations: CHS chalcone synthase, CHI chalcone isomerase, F3H flavanone 3-hydroxylase, 

F3'H flavonoid 3'-hydroxylase, F3'5'H flavonoid 3',5'-hydroxylase, DFR dihydroflavonol 4-reductase, 

ANS anthocyanidin synthase, GT UDP- glucose anthocyanidin 3-O-glucosyltransferase, RT UDP-

rhamnose anthocyanidin-3-glucoside rhamnosyltransferase 
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CHAPTER II 

Materials and Methods 

Plant material 

The potato used in this study was the tetraploid cultivar Solanum tuberosum L., cv. ‘Prince 

Hairy’, also known as NYL235-4 (Plaisted et al., 1992).  Prince Hairy is homozygous recessive 

(rrrr) at the red locus (De Jong et al., 2003). 

Constructs    

To determine which region(s) of potato dfr are responsible for the production of red 

pelargonidin-based pigments, we created chimeric alleles, combining portions of an allele from 

W5281.2 (red allele; R), which can produce red pigment, with portions of an allele from 

‘Kennebec’ (non-red allele; W), which cannot.  The native R allele has previously been cloned 

into vectors pIBT210.1 (Haq et al. 1995) and pPS1 (Zhang et al., 2009). The W allele was cloned 

into the same vectors using the same procedure described by Zhang el al. (2009). Because there 

were no convenient restriction sites to make the desired exchanges, synthetic fragments of dfr with 

the desired sequence were purchased from Integrated DNA Technologies, Inc (Coralville, Iowa). 

Each synthetic fragment contained one or two nucleotide changes (see Figure 3 and Table 1) as 

well as PsiI and BstXI restriction sites, which were used to replace PsiI-BstX1 fragments of wild 

type dfr alleles harbored in pIBT210.1.  Chimeric dfr alleles with desired sequence were then 

transferred from pIBT210.1 as XhoI-KpnI fragments into the XhoI and KpnI sites of the binary 

vector pPS1 (Huang and Mason 2004).   The pPS1 vector (12544 bp) contains an nptII selectable 

marker gene that confers resistance to kanamycin and drives transcription with a doubled CaMV 
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35S promoter (Odell et al.1985); this vector also contains a tobacco etch virus translational 

enhancer to further increase gene expression. 

A 

 

 

 

  B 

 

Figure 3.  The non-synonymous nucleotide differences between the W and R alleles that 

were evaluated for impact on substrate specificity.  

A. Partial sequence of two dfr alleles. W – white (i.e., non-red) allele from Kennebec, R – red 

allele from W5281.2. The polymorphic nucleotides at positions 428 and 462 that alter 

predicted amino acid sequence are in red text, the codons they are part of are highlighted 

in yellow. B. Chimeric dfr alleles.  Position A represents nucleotide 428, position B 

represents nucleotide 462.  W + A denotes a white allele with R allele sequence at position 

428, while R - B denotes the red allele with white allele sequence at position 462, etc. 
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Table 1. The nucleotides and corresponding amino acids of chimeric dfr alleles. 

Construct Nucleotide at 

position 428  

Nucleotide at 

position 462 

Amino acid at 

position 143 

Amino acid at 

position 154 

W A  A Threonine Tyrosine 

R G  G Alanine Cysteine 

W + A G  A Alanine Tyrosine 

W + B A  G Threonine Cysteine 

W + A + B G  G Alanine Cysteine 

R – A A  G Threonine Cysteine 

R – B G  A Alanine Tyrosine 

R – A – B A  A Threonine Tyrosine 

 

Wild type and chimeric constructs were introduced into Prince Hairy via Agrobacterium 

tumefaciens strain LBA4404 as described by Jung et al. (2005).  Transformed plants were 

propagated in vitro in magenta boxes containing Murashige and Skoog (MS) salts (Murashige and 

Skoog 1962) in a growth chamber maintained under fluorescent lights with a photoperiod of 16 h 

at 19 ◦C.  

Transformation 

LBA4404 cultures containing individual constructs were inoculated into liquid YM 

medium [1 g/L yeast extract, 53 mM mannitol, 2.8 mM KH2PO4, 0.81 mM MgSO4 1.7 mM NaCl] 

and grown to OD600 = 0.6–0.7 at 28 ◦C. The culture was then pelleted at 6000 rpm for 10 min and 

resuspended in 10 mL of YM medium. Internodes and leaves from 6-week-old in vitro grown 

plants were cut into approximately 0.5 – 1 cm sections, inoculated for 10 mins with A. tumefaciens, 

blotted on sterile paper, and placed on callus induction medium (CIM) [4.3 g/l Murashige and 

Skoog salts, 26.64 µM glycine, 4.06 µM nicotinic acid, 2.43 µM pyridoxine HCl, 1.19 µM 
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thiamine HCl, 0.57 µM folic acid, 0.20 µM biotin, 0.555 mM myo-inositol, 87.64 mM sucrose, 

4.44 µM 6-benzylamino purine (BAP), 10.74 µM 1-naphthaleneacetic acid (NAA), and 2.5 g/l 

Phytagel] (Sigma) plates. Explants on CIM (without antibiotics) were incubated for 48 hrs at 19oC 

in the dark. After the 48 hr cocultivation period, explants were then transferred to shoot induction 

medium (SIM) [4.3 g/l Murashige and Skoog salts, 2.96 µM thiamine HCl, 4.06 µM nicotinic acid, 

2.43 µM pyridoxine HCl, 0.555 mM myo-inositol, 87.6 mM sucrose, 2.85 µM 3-indoleacetic acid 

(IAA), 8.54 µM trans-zeatin-riboside, and 2.5 g/l Phytagel (Sigma), with pH adjusted to 5.9] 

containing 50 mg/1 kanamycin monosulfate and 300 mg/l timentin (ticarcillin disodium and 

clavulanic acid) (GlaxoSmithKline, Research Triangle Park, N.C., USA).  Explants were then 

transferred weekly for one month and every 10 – 14 days after one month to SIM. After 

approximately 8 weeks, regenerated shoots were excised (1.5 cm long) and transferred into rooting 

medium (CM) [(4.3 g/l Murashige and Skoog salts, 1.19 µM thiamine HCl, 0.555 mM myo-

inositol, 58.43 mM sucrose, and 2.5 g/l Phytagel, with pH adjusted to 5.7)], with kanamycin and 

timentin, for selective rooting. After four weeks these were then transferred to fresh medium 

containing 300 mg/l timentin without kanamycin. After another four weeks, plantlets were 

transferred to CM without timentin and kanamycin, to ensure that the plants were free of bacteria. 

Only plantlets with well-developed roots were excised and grown in magenta boxes. To test for 

the presence of the construct and to rogue out untransformed lines, plant genomic DNA was 

extracted as described in Edwards et al. (1991) and amplified by PCR with primers pPS13162F 

(5’ CGA ATC TCA AGC AAT CAA GCA) and pPS13443R (5’ CGT AGG TAC GTG GAG TGT 

CTT); these flank the cloning sites of pPS1 and amplify a 1414-bp product from dfr constructs. 

The amplification conditions were as follows: 94 ◦C for 3 min for one cycle, followed by 35 cycles 

of 94 ◦C for 20 sec, 50 ◦C for 20 sec, and 72 ◦C for 1 min. The transformed lines were then 
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transferred to the green house and maintained under a 14 hr photoperiod with temperatures of 24-

28 ◦C during the day and 16-18 ◦C at night. 

 

RT-PCR Analysis of Gene Expression 

Total RNA was isolated from leaf samples with an EZ-10 Spin Column Plant RNA 

Miniprep Kit (Bio Basic Amherst, NY). Total RNA was treated with RQ1 RNase-free DNase 

(Promega) to eliminate genomic DNA prior to performing reverse transcription. DNase treated 

total RNA was then converted into cDNA using random primers and a reverse transcription kit 

(High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems).  The resulting cDNA was 

then used as a template for PCR using the following thermal profile: 94 ◦C for 2 min for one cycle, 

followed by 35 cycles of 94 ◦C for 15 sec, 55 ◦C for 15 sec, and 72 ◦C for 1 min. The amplification 

primers used were potDFR1 (5' GGCTCTTGGCTTGTCATGAG) and potDFR2 (5' 

AGCATTCCCCTGACTGTTGG). These primers flank a region near the 5' end of dfr that includes 

two introns; this enables amplification products generated from genomic and cDNA templates to 

be readily distinguished. The PCR products were visualized on a 2% agarose gel.   The preceding 

PCR test does not, however, differentiate between the expression of endogenous and introduced 

dfr alleles.  To test whether the introduced alleles were expressed, cDNA was also amplified with 

primers DFREx3F (5' CCA ACA GTC AGG GGA ATG CT) and DFREx3R (5' GAC CTT GTT 

TAA TGA TGC CG), which flank the third exon, where nucleotide changes had been made. This 

cDNA was Sanger-sequenced to confirm that the introduced alleles, as well as Prince Hairy’s 

endogenous alleles, were expressed. This sequencing also confirmed that no other mutations were 

present than those deliberately introduced. 
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Flower Collection and Anthocyanin Extraction    

Flowers from four or more independent lines of each construct were collected and 

photographed to record color. The petals were then stored at -80 ◦C prior to being freeze-dried for 

long-term storage.  

Anthocyanins were extracted from 50 mg of freeze-dried pulverized flower petals by 

adding 1000 µL methanol/water/formic acid (70:30:1, v/v). Samples were mixed for 30 s and 

centrifuged at 9.1 × 1000 g for 10 minutes.  Anthocyanidins were prepared from anthocyanins by 

adding 360 µL of 37% concentrated HCl to 800 µL aliquots of supernatant; samples were then 

mixed for 10 seconds and incubated in a water bath at 95°C. After 15 minutes, the samples were 

taken out of the water bath and placed in cold water to cool down.  Samples were diluted by adding 

20 µL of hydrolysate to 980 µL of methanol. The diluted samples were mixed, filtered through 

0.22 µm PTFE filters and transferred into HPLC vials for analysis. 

Liquid Chromatography and Mass Spectrometry 

Hydrolyzed samples were characterized with a Vanquish Flex UHPLC system (Dionex 

Softron GmbH, Germering, Germany) coupled with a TSQ Quantis mass spectrometer (Thermo 

Scientific, San Jose, CA). The UHPLC was equipped with a Kinetex 2.6 µm EVO C18 100 Å 

column (150 mm × 2.1 mm). The mobile phase consisted of (A) 1% formic acid in water and (B) 

1% formic acid in acetonitrile. The temperature of the column was maintained at 40°C throughout 

the run and the flow rate was 500 µL/min. The elution program was the following: 0-1 min (5% 

B, isocratic), 1-6 min (5%-45% B, linear gradient), 6-6.1 min (45%-100% B, linear gradient), 6.1-

7.5 min (100% B, column wash), 7.5-8 min (100%-5% B, linear gradient), 8-8.5 min (5% B, re-
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equilibration). The flow from the LC was directed to the mass spectrometer through a Heated 

Electrospray probe (H-ESI). The settings of the H-ESI were: spray voltage 1500 V, Sheath gas 45 

(arbitrary unit), Auxiliary gas 24 (arbitrary unit), Sweep gas 0.5 (arbitrary unit), Ion transfer tube 

temperature 325°C, Vaporizer temperature 350°C. 

The mass spectrometer was operated in positive mode and the detection of the 

anthocyanidins was carried out using Selected Reaction Monitoring (SRM). The SRM parameters 

for each anthocyanidin are summarized in Table 2. The resolution of both Q1 and Q3 was set at 

0.7 FWHM, the dwell time for each transition was 20 ms and the pressure of the collision gas 

(argon) was set at 1.5 mTorr. 

 

Table 2. SRM parameters for the detection of the six anthocyanidins. 

Compound Retention 

Time 

(min) 

RT 

Window 

(min) 

Polarity Precursor 

(m/z) 

Product 

(m/z) 

Collision 

Energy 

(V) 

RF 

Lens 

(V) 

Delphinidin 3.57 0.6 Positive 303 153 30 143 

Delphinidin 3.57 0.6 Positive 303 229 32 143 

Cyanidin 3.86 0.6 Positive 287 187 38 156 

Cyanidin 3.86 0.6 Positive 287 213 32 156 

Petunidin 3.97 0.6 Positive 317 245 36 156 

Petunidin 3.97 0.6 Positive 317 302 25 156 

Pelargonidin 4.17 0.6 Positive 271 121 33 176 

Pelargonidin 4.17 0.6 Positive 271 197 31 176 

Peonidin 4.28 0.6 Positive 301 201 39 152 

Peonidin 4.28 0.6 Positive 301 286 25 152 

Malvidin 4.34 0.6 Positive 331 287 30 173 

Malvidin 4.34 0.6 Positive 331 315 30 173 
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Results 

The potato cultivar ‘Prince Hairy’ lacks the allele of dfr needed for synthesis of red 

pigments (De Jong et al., 2003) and produces white tubers and pale blue flowers.  The pale blue 

color results from the accumulation of delphinidin and methylated delphinidin (malvidin, 

petunidin) pigments.  To test whether either of two amino acid positions that differ between alleles 

of dfr that can (R) and cannot (W) direct the synthesis of red pelargonidins, Prince Hairy was 

transformed with a series of wild type and chimeric alleles (Figure 3, Table 1).  Our expectation 

was that alleles capable of reducing DHK would change Prince Hairy flower color from pale blue 

to purple (Zhang et al., 2009) – by virtue of containing a mixture of blue delphinidins and red 

pelargonidins – while flowers of Prince Hairy transformed with alleles that cannot utilize DHK 

would remain pale blue.   

The success of each transformation was first assessed by using amplification primers that 

flanked the transformation construct (see Methods).  Subsequent Sanger-sequencing of dfr cDNA 

amplified from each transgenic line was used to confirm that alleles with the desired nucleotide 

changes – in addition to Prince Hairy’s own dfr alleles – were expressed (see Methods; data not 

shown).  In the process of engineering Prince Hairy, we noted that a few transgenic lines had white 

flowers.  Figure 4 shows that the white-flowered lines no longer expressed any dfr alleles, 

presumably a result of transgene-mediated gene silencing (Elomaa et al., 1995), while Prince Hairy 

and engineered lines with pale blue or purple colored flowers all expressed dfr. 
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Figure 4. Evaluation of dfr gene expression in wild-type Prince Hairy and engineered lines using potDFR 

primers (see methods), which amplify both endogenous and added dfr alleles. 

 

Flower Phenotype 

Four or more independent lines of Prince Hairy transformed with each of the two wild type 

(R, W) and six chimeric (R-A, R-B, R-A-B, W+A, W+B, W+A+B) constructs, as well as Prince 

Hairy transformed with an empty vector, were grown in the greenhouse.  Flowers were 

photographed to record color and subsequently processed to analyse anthocyanidin content. A 

representative flower from each construct, as well as untransformed and empty vector controls, is 

shown in Figure 5.  As expected, we observed pale blue flowers in Prince Hairy, Prince Hairy 

transformed with an empty vector, and Prince Hairy transformed with the W allele of dfr (Figure 

5).  Similarly, as previously reported (Zhang et al., 2009), flowers of Prince Hairy transformed 

with the R allele were purple (Figure 5). The flower color of constructs R-A, R-B, and W+B, each 
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of which harbor individual nucleotide substitutions, were also changed, and in all cases, to a lighter 

purple color than that mediated by the wild type R allele, suggesting that amino acid positions 143 

and 154 both influence DFR substrate specificity, but are not individually sufficient to direct high 

levels of red pigment production.  The remaining construct with a single nucleotide substitution, 

W+A, yielded pale blue flowers visually indistinguishable from Prince Hairy.  Construct W+A+B 

produced flowers considerably more purple in color than those transformed with W+A or W+B, 

while flowers from R-A-B constructs yielded flowers paler in color than R-A or R-B (Figure 5), 

i.e., constructs with two nucleotide changes had more striking changes in flower color than those 

with individual nucleotide changes.    

 

Figure 5. Flowers of Prince Hairy transformed with an empty vector, wild type and chimeric dfr 

alleles. 
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Flower Anthocyanidin Content 

 

To evaluate the effects of each transgene at a biochemical level, we assessed the 

anthocyanidins present in petals of each engineered line (Table 3, Figure 6).  Pelargonidin was 

detected by LC-MS in all flowers that exhibited a change in flower color from pale blue to various 

intensities of purple (Table 3, Figure 6). Pelargonidin was not detected in Prince Hairy, Prince 

Hairy transformed with an empty vector, or Prince Hairy transformed with either the W or W+A 

alleles. Trace amounts of pelargonidin were found in W+B. W+A+B and R both displayed a 

substantially greater amount of pelargonidin compared to other treatments, with respective 

difference in mean content of 7.3-10.6 (t-test, p < 0.01) and 17.9-21.2 (t-test, p < 0.001), while 

pairwise comparisons among all other treatments were close to zero (mean difference 0-3.3 (t-test, 

p range: 0.26 – 1.00)). Mean pelargonidin content in R was about twice as much as in W+A+B, 

with a mean difference of 10.6 (t-test, p = 0.016) (Table 3, Figure 6). 

 

Table 3.   Pelargonidin content (µg/g) of wild type and engineered lines  

 

 
  

Construct n pelargonidin   % of total anthocyanidins 

Prince Hairy 2 ND1 0 

empty vector 3         ND 0 

R 7 21.2 ± 8.32 0.4 

R - A 4 3.3 ± 1.0 0.3 

R - B 5 1.3 ± 0.9 0.07 

R - A - B 7 0.7 ± 0.7 0.02 

W 7 ND 0 

W + A 7 ND 0 

W + B 5 1.0 ± 0.6 0.1 

W+A+B 7 10.6 ± 10 0.2 
      1 ND - not detectable 

       2 mean ± standard deviation 
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A one-way analysis of variance (ANOVA) between treatments was conducted to compare 

the effect of the different constructs on pelargonidin production. There was statistically significant 

variation among constructs for the amount of pelargonidin production at p< 0.05 [F (9, 44) = 14.30, 

p = 0.0001].  

 

For all plants, the amount of pelargonidin production was small compared to total 

anthocyanidin production (Table 3).  Pelargonidin produced by the red allele (R) was about 0.39% 

of the total, while alleles W+B and W+A+B comprised 0.1% and 0.2% respectively. Figure 6 

reports levels of all anthocyanidins measured, i.e., pelargonidin, cyanidin, peonidin, delphinidin, 

petunidin, and malvidin. These latter five pigments, other than pelargonidin, were present in wild-

type Prince Hairy flowers and all engineered flowers. A correlation analysis revealed that 

pelargonidin levels were positively correlated with cyanidin and its methylated derivative 

peonidin, and negatively correlated to delphinidin and its methylated derivatives, petunidin and 

malvidin. 
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Figure 6. Box and whiskers plot for anthocyanidin content across 

various constructs. PH is Prince Hairy, PH EV is Prince Hairy 

transformed with an empty vector, other constructs are as given in Table 

1, ‘X’ is the mean, the horizontal bar within each box shows the mean, 

and the upper and lower box bounds show 25th and 75th percentiles, 

respectively. 
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Discussion 

The objective of this study was to identify the amino acids that determine substrate 

specificity of DFR in potato.  Johnson et al. (2001) demonstrated that altering a single amino acid 

in Gerbera DFR and introducing it into Petunia led to preferential catalysis of DHK over DHQ 

and DHM, i.e., modifying the substrate specificity of DFR.  While comparing the sequence of 

different dfr alleles in potato, De Jong et al. (2003) noted that amino acid positions 143 and 154, 

which are in a putative 26 amino acid substrate binding pocket (Johnson et al., 2001), are 

polymorphic between ‘red’ and ‘non-red’ alleles.  By making reciprocal changes between ‘red’ 

and ‘non-red’ alleles we demonstrated here that these two amino acid positions together confer 

upon potato DFR the ability to reduce DHK, an essential step in the production of red pelargonidin 

pigment. 

Even though the ’non-red’ allele with a change at position 154 (tyrosine to cysteine) can 

make trace amounts of pelargonidin, the non-red allele with changes at both positions 143 

(threonine to alanine) and 154 (tyrosine to cysteine) yielded the most pelargonidin of any chimeric 

construct (Table 1).  The yield of pelargonidin in W+A+B was, nevertheless, only about half that 

of the wild type red allele, suggesting that additional amino acid changes are needed for maximal 

activity. Even so, it may possible to convert some white potatoes to red and vice-versa, just by 

changing the amino acids at positions 143 and 154. 

  We observed that increased pelargonidin levels were associated with substantially 

increased accumulation of cyanidin and peonidin (Figure 6). Thus, the amino acid changes 

introduced appear not only to have conferred the ability to utilize DHK, but to have improved the 

ability to utilize DHQ as well.   Heterologous expression in Escherichia coli of DFR genes from 
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Lotus japonicus (Shimada et al., 2005) and Medicago trunculata (Xie et al., 2004) has shown that 

an aspartic acid (D) residue in the substrate binding region - at the position that corresponds to 

position 145 in potato (Figure 7) - leads to the preferential catalysis of DHQ over DHK.  Potato 

DFR has an aspartic acid at position 145, which may explain why more cyanidin and peonidin than 

pelargonidin were produced by our chimeric constructs.  An alternative explanation for the 

increase in cyanidin and peonidin is that F3'H and/or F3'5'H, which compete with DFR for DHK, 

may also hydroxylate downstream products in the pelargonidin biosynthetic pathway at the 3' 

hydroxyl position, driving them into the cyanidin/peonidin biosynthetic pathway. Further 

experiments will need to be conducted to differentiate between these alternative explanations. 

 

Zea      112 RILRACKEAGTVRRIVFTSSAGTVNLEERQRPVYDEESWTDVDFCRRVKMTGWMYFVSKS 171 

Gerbera  110 SIIRSCVKAKTVKKLVFTSSAGTVNGQEKQLHVYDESHWSDLDFIYSKKMTAWMYFVSKT 169 

Petunia  119 SIIESCAKANTVKRLVFTSSAGTLDVQEQQKLFYDQTSWSDLDFIYAKKMTGWMYFASKI 178 

Kennebec 121 SIIESCAKANTVKRLVFTSSAGTLDVQEDQKLFYDETSWSDLDFIYAKKMTGWMYFVSKI 180 

W5281.2  121 SIIESCAKANTVKRLVFTSSAGALDVQEDQKLFCDETSWSDLDFIYAKKMTGWMYFVSKI 180 

 

Figure 7 DFR protein sequence comparison  

The black box shows the 26 amino acid substrate binding region in Gerbera as defined by Johnson et al. 

(2001). The amino acid (asparagine (N)) highlighted in red has been shown to affect substrate specificity 

in Gerbera. Polymorphic potato amino acids are highlighted in yellow. Potato amino acid position 145 

(aspartic acid (D)) is highlighted in green. 

 

The effect of individual and double amino acid exchanges on pigment levels varied for the 

three major groups of anthocyanidins (pelargonidin, cyanidin/peonidin, 

delphinidin/petunidin/malvidin).  For pelargonidin levels, position 154 had more impact than 

position 143 (Figure 6).  For levels of cyanidin, peonidin, petunidin, malvidin and possibly also 

delphinidin, position 143 had more impact than position 154 (Figure 6).   The highest levels of 
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pelargonidin, cyanidin and peonidin were observed with R and W+A+B (Figure 6), i.e., the two 

constructs which had ‘red’ amino acids at positions 143 and 154.  Surprising was that W+A+B 

and R-A-B, which are mirror-image constructs with double amino acid changes, both gave rise to 

increased levels of delphinidin, petunidin, and malvidin.  Ultimately crystallographic approaches 

will be needed to fully understand how potato DFR substrate specificity is determined. 

 

 

Conclusion and Future Work 

 

We have identified two amino acids that affect substrate specificity in potato. Further 

studies involving either 3D modeling and/or crystallography will help to establish how these amino 

acid positions affect substrate specificity at a mechanistic level. That is beyond our expertise.  

Nevertheless, we do plan on crossing our transgenic lines with a cultivar that is simplex at R 

(genotype D-Rrrr pppp), to test if any of the amino acid changes are able to change tuber skin from 

white to red, as the current study only looked at color in flowers.   
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