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Summary

The relationship between sepal hue and major sepal anthocyanins of cyanic Delphinium flowers,
i.e., violdelphin (2) and cyanodelphin (3), is discussed. The mode of change in flower color in vivo was de-
rived as a numerical equation relating two kinds of sepal pigments, from violdelphin [VD] @) to
cyanodelphin [CD] (3) for bluish flowers or from tulipanin [TP] (1) to [VD] (2) for purplish flowers,
during anthesis, for changing flower hue from purple to blue or from pink to purple, respectively. The
molar concentration of CD (3) relative to the molar concentration of VD (2), and of VD (2) relative to
TP (1), in bluish and purplish sepals, respectively, had a strong regression with its hue angle (b) in a dou-
ble reciprocal plot, which yielded a molar ratio constant (Ku) and a maximal hue angle (Huw). This
study demonstrates for the first time a clear correlation between primary sepal pigments and flower
color, specifically hue angle, and thus a primary determinant of coloration can be explained by the struc-
tural definition of the primary sepal anthocyanins for bluing and purpling in cyanic Delphinium flow-

€rs.

Key words: Delphinium, flower color, hue angle, Ranunculaceae

Introduction

The mechanisms of flower coloration can be explained by many factors. Floral anthocyanins are
not always the only influence on flower hue. There are several factors that affect flower color, but the con-
stituents and the quantities of floral pigments are the primary dominating determinants [1]. Examples in-
clude intramolecular copigmentation by acylated anthocyanins [2], intermolecular copigmentation in
flowers of Pharbitis nil [3] and metalloanthocyanins from Commelina communis [4]. Moreover, the
shapes of epidermal cells affect the color intensity of pigmentation in Antirrbinum majus [5].

Yoshida et al. [6] presented a possible mechanism of color emission pattern in cyanic Delphinium
flowers, and followed this by suggesting the formation of an insoluble chromophore in the cytosol con-
sisting of cyanodelphin (3) and Al” ions in a 2:1 ratio in association with a fibrous mass. In vitro experi-
ments were also conducted to regenerate the bluish color by mixing cyanodelphin (3) and Al* ions in a
controlled solution at pH 5.0 {7].

* . Correspondence to: F. HasHimoTo
(Laboratory of Ornamental Horticulture and Floriculture, Kagoshima University)
Tel/Fax: +81-99-285-8559; E-mail: omihsahf@agri.kagoshima-u.ac.jp
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We recently reported a possible cause of coloration in cyanic Delphinium flowers [8] and that cy-
anic Delphininm flowers change color during anthesis [9]. Specifically, the hue angle decrease in vivo
seemed to be accompanied by conversion of the major acylated anthocyanin from violdelphin (2) [10]
to cyanodelphin (3) [11], which promptly causes the change in sepal coloration from a purplish to a blu-
ish hue.

In this paper, we focus on exploring the relationship between flower coloration and the major inher-
ent sepal pigments in order to identify the primary determinant of colors in cyanic Delphinium flowers.
For this, a model of changes in flower color during anthesis was developed to illustrate the correlation be-
tween the molar concentrations of the major sepal pigments and floral coloration as determined by the
CIELab color scale [12].

Materials and Methods

Plant materials

Delphiniums were cultivated as described in a previous report [8]. The S; seeds of Delphinium
cultivars were regenerated from S: cultivars by self-pollination. The cultivars are as follows: blue flow-
ered ‘Blue Mirror’, blue flowered ‘Pacific Giant’, light blue flowered ‘Pacific Giant’, purple flowered
‘Pacific Giant’; and light purple flowered ‘Pacific Giant’. They were germinated in petri dishes at 15C,
and seedlings were transplanted into a 128-plug tray in August 2000, 2002 and 2004, and kept in a green-
house. Plants with five or six leaves were transferred to a greenhouse at the Kagoshima University
Experimental Farm. At the beginning of January 2001, 2003 and 2005, the transferred plants were ex-
posed to a 6 hr photoperiod (21:00-3:00) (3,000 lux light intensity, 1.5 m above the ground). The green-
house temperature was kept at about 15C during winter. Sepals were collected from among five simi-
larly colored individuals of each variety with three replicates.

Measurements of sepal color, pH and concentrations of metal ions

Wing sepals were collected at 3 hr intervals from anthesis until the 12 hr mark, at 6 hr intervals
from 12 hr to 24 hr, and every 12 hr from 24 hr until the fifth day (120 hr). Colors were recorded for typi-
cal flowers (simple colored sepals) of ‘Blue Mirror’ and ‘Pacific Giant’ with three replicates during
anthesis as described previously [9]. The collected sepals were analyzed for CIELab coordinates (a*
and b*, the two Cartesian co-ordinates) using a color analyzer (NR-3000, Nippon Denshoku, Co.)
(Fig. 1) [13]. Metric Chroma, C¥, and hue angle, b, (CIELCH notation), were calculated according to
the following equations: C*= (a** + b*?) * and ha = tang” (b*/a*) [12].

Sepal vacuolar pH was recorded according to Fukui et al. {14]. Fresh sepals of delphiniums (ca.
2g) were collected and frozen below -30°C for 1 hr. The frozen sepals were compressed with a hand-
type compressor to yield sepal juice. The obtained juice was stored in an assist-tube. The juice was subse-
quently applied to a pH electrode (Horiba 6069-10C with thermo-adjusted electrode 4163-10T) con-
ducted with a Horiba pH meter F-12.

Sepal concentrations of metal ions (Al, Fe, and Mg) were recorded as follows. Fresh sepals (ca. 2 g)
were collected in a tall beaker, and concentrated nitric acid (10 ml) was added. The beaker was then cov-
ered with a glass, followed by heating at 180°C, and stood for two or three days to complete the degrada-
tion of organic composition. After complete degradation and cooling, perchloric acid {1 ml) was added
to the degraded acidic solution, followed by heating at 180°C. After cooling the mixture, the degraded so-
lution was filled to 50 ml with H:O, and the solution was tested by atomic adsorption spectroscopy to

measure the concentrations of metal ions.
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Figure. 1. A hue diagram showing the change in hue angle as a function of the conversion of the major sepal pig-
ments from [VD (2)] to [CD (3)] during anthesis in Delphinium flowers. The chromatic compo-
nent, a*, is a positive or negative coordinate defining a locus relative to a purplish red to bluish green
axis, whereas b* is a positive or negative coordinate defining a locus relative to a yellow to blue axis
on the hue diagram. The chromaticity, C*, refers to a Exclidian distance, C*=(a**+b**)"". The hue an-
gle represents the angle from axis +a* to display a locus of color on the diagram; a direction of color

(h=tang" [b*/a*]).

HPLC analysis of anthocyanins

The extraction and analytical procedure for anthocyanins 1-3 with their HPLC conditions were
done as described in a previous report [8, 9] (Fig. 2). Anthocyanins in the calyx were extracted with 5
ml of a modified acidic methanolic solution (methanol, H:O, formic acid, and trifluoroacetic acid,
70:27:2:1, v/v %), and the extracts were subjected to millipore disk filtration (5 pm). The linear flow-
gradient and conditions for qualitative and quantitative analyses were: solution A, 1.5% phosphoric
acid and formic acid, 8:2 (v/v %); solution B, phosphoric acid, formic acid, acetonitrile, tetrahydrofuran
(THF) and H.O, 1.43:19:23.75:5:50.82 (v/v %); A:B = 100:0 (initial) to 54:46 (v/v %), 65 min.; column,
TSKgel ODS-80Ts QA 4.5mm ¢ x 150 mm, Toso Co.; column temperature, 40°C; flow rate, 0.8
ml/min.; wavelength, 525 nm and injection volume, 10 pl/sample. The system used for HPLC was com-
prised of an Intelligent Sampler AS 950-10, a 3-Line Degasser DG-980-02, an Intelligent HPLC pump
PU-980, an Intelligent Column Thermostat CO-966, a Ternary Gradient Unit 1L.G-980-02 and a UV
Spectrophotometer UVDEC-100-III FP-920 (JASCO, Co.). Concentrations of anthocyanins in the ca-
lyx were measured quantitatively from a simple linear regression using the respective isolated authentic
anthocyanins 1-3 (Fig. 2) and are expressed as nmol/g (nmol in g fresh calyces). The retention times on
HPLC are as follows: 1, 15.9 == 0.5 min; 2, 31.6 & 0.6 min; and 3, 58.5 &= 0.8 min (three replicates).

The known anthocyanins were identified as: tulipanin (1), delphinidin 3-O-rutinoside [15];
violdelphin (2), 7-O-(6-O-(4-(6-O-(4-hydroxybenzoyl)-B-D-glucopyranosyl)-oxybenzoyl-B-D-glucopyranosyl)-
3-0-(6-O-a-L-rhamnopyranosyl)-B-D-glucopyranosyl)-delphinidin [10]; and cyanodelphin (3), 3-O-(6-
O-(a-L-thamnosyl)-B-D-glucopyranosyl)-7-O-(3-O-(3-0-(6-O-(4-O-(6-O-p-hydroxybenzoyl-B-D-glucopyranosyl)
-p-hydroxybenzoyl)-8-D-glucopyranosyl)-p-D-glucopyranosyl)-6-O-(4-O-(6-O-p-hydroxybenzoyl)-B-
D-glucopyranosyl)-p-hydroxybenzoyl)-B-D-glucopyranosyl-delphinidin [11] (Fig. 2).
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Figure. 2. Structures of known anthocyanins, tulipanin (1), violdelphin (2) and cyanodelphin (3), in pink, pur-
plish and bluish Delphinium flowers, respectively.

Results

Relationship between petal coloration and anthocyanin accumulation

The values of hue angle (4) in flowers of the purple flowered ‘Pacific Giant’ and the blue flowered
‘Blue Mirror’ gradually decreased to some extent during anthesis (Table 1). This implies that the colors
changed from pink to purple and to bluish purple, respectively. The major anthocyanins, violdelphin
(2) and cyanodelphin (3), were reported to be identified in purple and blue flowers, respectively, presuma-
bly through the conversion of their respective precursors, tulipanin (1) and violdelphin (2) (Table 2).

Since we had not previously identified changes in colors and anthocyanins prior to one day after
anthesis [9], and this is considered to be the best way to understand the rapid change in their develop-
ment, we performed an investigation of colors and anthocyanin development at 3 hr intervals from
anthesis until the 12 hr mark, and every 6 hr from 12 hr to 24 hr after anthesis. The data obrained be-
tween 0 and 24 hr showed a dramatic change in colors and anthocyanin concentrations in every cultivar
flower (Tables 1 and 2, and Fig. 3).

The hue angle, b, was plotted against the change in the molar ratio of the concentrations of
tulipanin (1) and 2 [VD/TP] and 2 and 3 [CD/VD] after anthesis in purplish and bluish sepals, respec-
tively (Fig. 4). The hue angle decreases with the increase of the ratio of [CD] against [VD]. When the ra-
tio was small, the change of hue angle was linearly proportional to the molar ratio. The hue angle ini-
tially decreased with changes in molar ratio, but at higher molar ratios the hue angle was nearly independ-
ent.

Subsequently, the two inverse variables, 1/h and 1/[VD/TP] or 1/[CD/VD], were regressed to
give a significant reciprocal straight line, given in equation (a) (Fig. 5), where the slope is Ku/H s, the in-
tercept on the vertical axis is 1/H s and the intercept on the horizontal axis is -1/Ku. Ku represents a mo-
lar ratio constant and H.. represents the maximal hue angle. The regression can also be expressed as
the following equation (b):
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Table 1. Sepal coloration of Delphinium flowers after flower opening.’
Cv (individual) : Hours after anthesis
Opening 3 6 9 12 18 24
Blue flowered
Blue Mirror L* 622 +52 576+42 554+44 570+33 533%£18 491+59 44250
(n=3) C* 13898 20451 25583 203%x60 289+13 37.0%131 453 %125
h -19.3 4= 18.0°-33.6 + 11.5°-42,1 £ 7.1° -354 % 5.0° -43.6 &= 2.5° -46.2 4 6.0° -49.3 % 0.8°
Pacific Glant L* 584 £ 4.2 566+ 27 545+43 535%x21 503+25 47433 463 =E53
(n=3) C* 1661234 190x£35 226+41 249+28 312+*55 31.8x34 34989
bh -30.8 = 15.6°-38.4 + 13.8°-37.8 £ 8.2° -40.1 = 6.5° -42.6 = 9.8° -45.1 = 8.2° -46.0 = 8.3°
Light blue flowered
Pacific Giant L* 644 +£09 63.0%£12 60703 597+22 612+07 593+09 579+1.4
(n=3) C* 82+3.0 86+ 37 14232 142435 140+£36 193+£43 206=+24
b -28.2 £ 185°-36.7 = 12.8°-39.6 = 11.5°-44.9 & 5.9° 44,7 = 9.7° -58.9 & 4.2° -59.2 & 2.5°
Purple flowered
Pacific Giant L* 548+ 53 558+ 05 49685 495+44 466470 43.0E£57 448+45
(n=3) C* 24975 245+ 1.7 323+105 336+51 332+£89 41.8+96 40986
b -34.1 £ 12.0°-352 & 7.1° -37.8 £ 54° -38.0 = 7.6° -38.6 & 8.9° -42.4 & 3.4° -40.9 * 4.4°
Light purple flowered
Pacific Glant L* 675 %14 64728 634435 63.0x£49 645+41 633+%£30 61.3*=36
(n=3) C* 147X25 18.7 £ 5.1 20.3 + 6.1 224 +72 186 44 231 =35 285153
b -34.8 £ 4.0° -39.9 & 7.4° -40.8 + 3.4° -40.6 & 0.8° -41.5 & 3.7° -42.7 £ 5.8° -44.6 + 2.9°
Hours after anthesis
Cv (individual
v (individual 36 43 60 72 84 96 120
Blue flowered
Blue Mirror L% 41.6 £ 4.1 419 £ 1.8 406 =20 407 £0.1 399 26 41.9 £+ 2.7 41.0+47
(n=3) C* 526 +95 571 +114 619+123 673450 70442 661+£33 70044
b -49.1 & 1.1° -51.4 # 0.3° -499 £ 1.1° -50.2 £ 0.5° -50.9 & 1.3° -51.3 & 1.8° -51.2 + 2.4°
Pacific Giant L* 416 £63 387 *£36 36635 367+47 37.7£59 37.2+40 383%38
(n=3) C* 464 £ 127 562+ 155 688+91 70068 715134 722£91 714493
b -47.6 = 4.4° -47.5 £ 3.0° -48.3 £ 3.2° -48.9 £ 3.3° -49.3 4 4.3° -49.2 £ 2.8° -49.6 £ 2,2°
Light blue flowered
Pacific Giant L* 594 +29 580X05 58420 580%x13 60411 59.9 £ 1.7  60.5 + 0.7
(n=3) C* 231 +42 248+28 276+x79 28528 302+53 328+41 33.0x1.8
h -57.6 & 5.6° -59.4 £ 2.5° -62.4 % 3.2° -62.2 £ 1,3° -63.7 4+ 1.5° -63.0 = 1.5° -63.5 % 0.2°
Purple flowered
Pacific Giant L* 425 +£65 377439 361+23 359+£36 356+26 365+20 364x£15
(n=3) C* 444 + 106 553 64 564 +52 59.8:£82 602x57 601+£24 61.5:E46
b -42.0 £ 2.7° 423 + 1.5° -424 + 1.8° -42.4 + 0.7° -43.6 £ 1.1° -43.7 = 2.3° 442 + 1.2°
Light purple flowered
Pacific Giant L* 61.2+3.0 595+£39 598+31 608=*x19 61.8%£31 63131 62712
(n=3) C* 296 44 36774 363152 354+41 34055 319+64 32.7+39
b -46.2 4+ 2.9° -46.3 £ 1.2° -457 = 1.1° -46.3 £ 0.8° -46.6 == 1.5° -46.5 £ 1.6° -46.1 = 0.6°

*A wing sepal was collected after flower opening (meanSD). L*, lightness; C*, chromas (brightness); 5, hue angle (degree,”)

= arctan (b*/a*)
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Table 2. Contents of anthocyanins in sepals of Delphinium cvs after flower opening.”

Hours after anthesis
Opening 3 6 9 12 18 24

Cv (individual) Pigments®

Blue flowered

Blue Mirror 2 3772+2569 5498+2797 46632505 585.3£3306 4674L 1410 73333586 6546+ 205.1
(n=3) 3 43+175 2411175 2984239 2221106 293 £10.0 9931629 1283 +449
Pacific Giant 2 1464433 224.0%£1222 21394709 1898+954 2504567 2880881 24584506
(n=3) 3 39.2£16.0 66.8 1 30.1 56.8 £21.3 498+6.6 5781103  1682£999 20461543
Light blue flowered 2 92.7+303 809+304 1070+349 I113£501 1304£698 1223+669  131.2%575
Pacific Giant 3 29522 325%153 519+ 140 4581116 472213 883+£244 11391288
(n=3)
Purple flowered 1 95.2 £ 439 81.1£338 80.4 +40.1 80.6 324 90.1£356  1020x338 89.2£30.3
Pacific Giant 2 1707.0 £ 4387 1741715834 16805764 2226212105 231954931 32183+ 14015 3122.7 £ 907.7
(n=3)
Light purple flowered 1 9.0+42 82130 75129 54£09 98£37 10.1 £ 66 71125
Pacific Giant 2 1496484 1503830 1474706 1361613 16071594 1648736 1630+ 858
(n=3)

Hours after anthesis
36 48 60 72 84 96 120

Cv (individual)  Pigments*

Blue flowered

Blue Mirror 2 715245596 584.7+3624 7723145567 60636489 555212559 488343748 368.3+230.2
(n=3) 3 13664510 294541324 31724705 3998+918 58561340 639.5+554 723241313
Pacific Giant 2 375.7+£892 4223+ 1115 529312719 46313079 416612443 437712528 3460+ 1342
(n=3) 3 254211738 3480+2331 431741534 46961578 65000950  5763£1400 5T29+ 12711
Light blue flowered 2 1512£839  1451%86.9 98.7 453 96.1 +59.6 383118 62.8 +19.3 515186
Pacific Giant 3 1168£595 1549494 16472120 1623390  1928+411 2067122 21124248
(n=3)
Purple flowered 1 77.6 £ 35.1 62.3 £ 169 83.8 + 35.6 4111214 37.8+19.1 2744140 246 £ 10.0
Pacific Giant 2 3339.7£726.3 4683.0 + 1157.3 5282.3 £ 1097.1 53185 £ 877.8 6065.7 £ 740.0 6071.9 £ 1423.2 6652.8 £ 1168.2
(n=3)
Light purple flowered 1 73411 53404 39+37 29£29 08+13 nd. nd.
Pacific Giant 2 21944982 273.8+1838 2216+622 2167X 1151 1956£995 193141169 203.3 £ 106.2
(n=3)

*A wing sepal was collected after flower opening (mean #SD, nmol/g of fresh calyces). N.d., not detected.
*Pigments are summarized in Fig. 1.

1 1 K 1
= + .
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[CD/VD]

H = Huw = tang (b*/a*) (b)

(CD/VD] + Ku

The maximal hue angles of the blue flowered ‘Blue Mirror’ and the ‘Pacific Giant’ were below ca.
-53°, but the highest value, -73°, was found in the light blue flowered cv. ‘Pacific Giant’ (Table 3). The mo-
lar ratio constant was similar in the colored flowers. Ky values in the blue flowered cvs ‘Blue Mirror’
and in ‘Pacific Giant’ were 0.02 and 0.06, respectively, whereas they were 6.60 and 7.23 in the purple
and the light purple flowered cv. ‘Pacific Giant’, respectively.
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Figure. 3. Time course of the change in hue angle, b, after anthesis in the sepals of purple flowered ‘Pacific
Giant’ (closed circle) and blue flowered ‘Blue Mirror’ (open circle) (mean®:SE).
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Figure. 4. A plot of hue angle, b, against the change in the ratio of [VD (2)/TP (1)] and [CD (3)/VD (2)], in
the sepals of purple flowered ‘Pacific Giant’ and blue flowered ‘Blue Mirror’, respectively.
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Figure. 5. A plot of -1/b against 1/[VD (2)/TP (1)] or 1/[CD (3)/VD (2)] is presented for the purple flowered
“Pacific Giant’ and the blue flowered ‘Blue Mirror’, respectively. The two variables yield a monomial
regressive straight line with a slope of Ku/H ., an intercept of 1/H.. on the vertical axis and an inter-
cept of -1/Ku on the horizontal axis. Note that the one plot of the cv ‘Blue Mirror’ at day of flower
opening was rejected due to the possible irregular variation.
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Table 3. The maximal hue angle, H.... and molar ratio constant, Ku.*

Cultivar Flower color Pigments” Hoo®) Ku
Blue Mirror blue CD / VD -53.0 = 2.1 0.02 % 0.01
Pacific Giant blue CD / VD 519+ 1.4 0.06 = 0.02

light blue CD / VD -72.8 £ 5.9 0.37 &= 0.27
purple VD / TP -45.3 £ 1.3 6.60 = 8.97
light purple VD /TP -55.3 £ 5.0 7.23 + 4,70

*Values are Eresented as mean & SD in triplicate.
* Major anthocyanins during flowering: 1P, tulipanin (1); VD, violdelphin (2); and CD,
cyanodelphin (3). Structures are summarized in Fig. 2.

Table 4. Sepal pH of Delphininm flowers after flower opening.

Hours after anthesis®

Cvlindividua) 5 TS 6 9 12 18 24 36 48 60 72 84 96 120 Toral

B. M 5.22 530 531 524 nd. 531 529 522 523 520 535 5.18 530 5.29] 5.26 + 0.0
P. G blue 514 510 5.03 5.9 522 522 524 527 526 521 5.28 521 528 5.33| 5.21 + 0.08
P. G lightblue ~ 5.03 508 504 517 5.11 507 5.13 5.16 5.17 5.15 5.19 5.16 5.18 5.19| 5.13 % 0.06
P. G purple 5.20 5.5 523 508 5.18 5.17 536 521 5.28 5.35 5.38 5.46 5.46 5.43| 5.28 + 0.12
P. G lightpurple 525 531 524 526 532 5.25 524 535 527 526 525 535 5.36 5.38] 5.29 + 0.05

*The data were calculated by one-way analysis of variance (ANOVA) and no significant difference was recorded among
hours after anthesis.

*The data were calculated by one-way analysis of variance (ANOVA) and a significant difference was found among the culti-
vars” pH (P <0.001).

‘n.d., not detected.

Sepal pH and Al* concentration

We determined the sepal pH (Table 4) and A" concentration (data not shown) at every stage after
anthesis. However, no changes were observed during flowering, although the sepal pH values of the indi-
vidual cultivars were significantly different (P<0.001). It has been reported that the vacuolar pH of
Delphinium flowers was ca. 5.00 [7]. Our measurement of pH was ca. 0.10-0.30 higher. It is therefore sug-
gested that the difference in data is possibly due to the different equipment used for pH measurement
[14]. We also determined the sepal Al" concentration for every day after anthesis, but no significant
changes were observed during flowering (data not shown).

We preliminarily investigated the sepal concentrations of ions such as Fe, Mg as well as Al metals
to find a relationship with the pigment 3 in the matured Delphinium flowers. As a matter of fact, a mo-
lar ratio between the Al"™ and cyanodelphin (3) gave a tendency to decrease the hue angle along with an
increase of the ratio (Fig. 6).

Discussion

Flower color can be specifically designated by using a colorimeter to define color as a numeric num-
ber on a continuous color diagram [16]. Because one fails to see actual flower color when one ex-
presses color in colloquial names such as red, blue or yellow, a broad estimation of flower color has of-
ten resulted in misunderstandings of the minute details of floral coloration. It is a major scientific
theme to breed for new flower colors by conventional methods, updated biotechnological techniques or
genetic transformation, while the importance for color expression of copigmentation, vacuolar pH and
metallo-complexes, as well as the synthesis of pigments, must be well understood in association with
the three color attributes of flower color.
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Figure. 6. Distribution of floral hue angles changing sepal metal ions (nmol) and cyanodelophin (3) (nmol). The
horizontal axis is expressed as the ratio between the individual sepal ion concentrations of metals and
the concentration of cyanodelphin (3).

Floral coloration is generally described by three color attributes: chromaticity, lightness, and hue (hue an-
gle, b) [13]. Light reflection might also be considered in cases where the petal or sepal cells have differ-
ent shapes within the flower [5]. We formerly demonstrated that chromaticity (C*) and lightness (L*) ex-
hibited an inverse correlation in Delphinium flowers after 3-4 days of anthesis, and that chroma is loga-
rithmically dependent on the accumulation of sepal anthocyanins, as shown in equations (c) and (d), re-
spectively, where ki-ki are constants [8]. In this study, these strong correlations are also derived from
the altered floral coloration and pigmentation during anthesis (Fig. 7). Thus, chromaticity (C*), light-

ness (L*) and anthocyanin concentration are numerically well associated.

C* = ki logltotal anthocyanin] + k. (¢)
L*=ksC* + ks (d)

A rapid increase in violdelphin (2) and cyanodelphin (3) caused a change in the hue angle towards
the negative end of the scale of a color wheel on the hue diagram (Fig. 1). As a result, the mix of
acylated anthocyanin concentrations defined the flower hue (Fig. 4). Thus, the colors in Delphinium tlow-
ers are expressed by the constitution and accumulation of sepal anthocyanins, through which the direc-
tion of floral color (b) and chromaticity (C*) are numerically controlled, as shown in equations (a) - (d)
(Fig. 1).

The constant Ku represents the molar ratio at which the rate of change is half of its maximal value,
H.x (Table 3). We can find the maximal hue angle for each flower from the value H,. since the value is
thought to be important for understanding the final flower hue after anthesis. Moreover, it is possible
that flowers will attain their final floral hue at the end of the enzymatic conversion of pigmentation.

We understand that Ku does not measure the rate of the enzymatic conversion of pigmentation,
but is a constant representing the ratio between the two major pigments during anthesis. It has been sug-
gested that similar values of Ku not only show similarities in the rate of change in coloration, but can
also be used to classify colored flowers within Delphintum species as a phenotypic trait. The idea has
been considered that as long as pigmentation changes with time, presumably as a result of enzymatic
glycosylation and acylation, it results in changes in hue angle. However, the change in floral coloration
can be explained kinetically based upon the change in inherent pigmentation due to the high statistical cor-
relation coefficients (r* = 0.918 and 0.843, Fig. 5). When this is considered, the pigmentation is then one

of the major factors for coloration.
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Figure. 7. Distribution of Delphinium flowers changing sepal coloration and total anthocyanins (log nmol). A
The relationship between C* and L¥, open circle; all five cultivars. B The relationship between total
anthocyanin (log nmol) and C*; shaded rectangle, ‘Blue Mirror’; closed circle; blue flowered ‘Pacific

Giant’; shaded circle; light blue flowered ‘Pacific Giant’; closed triangle; purple flowered ‘Pacific
Giant’; and open triangle, light purple flowered ‘Pacific Giant’.

Because the content of anthocyanins, specifically of cv ‘Blue Mirror’, are not stable at day of flower open-
ing (Table 2), it is suggested that a rapid change from violdelphin (2) to cyanodelphin (3) occurred be-
tween the opening day and 3 hr after flower opening. The data could have a great influence on calcula-
tion for the reciprocal straight line of cv ‘Blue Mirror’ (Fig. 5) since it was considered that the lack of
data of 3 hr interval within this 3 hr period might give the wrong calculation statistically. Under this con-
sideration, the plots of the cv ‘Blue Mirror’ data were recalculated rejecting the one plot of the opening
day, given in almost the similar equation with or without the data (r* = 0.988 or 0.917, respectively)
(Fig. 5). This infers that the lacking data between the opening day and 3 hr after flower opening could pos-
sibly follow this dashed straight line, thus it suggests that this determination is also applicable for this spe-
cific calculation for ¢v ‘Blue Mirror’.

We agree that the mechanism responsible for the color emission pattern is the formation of an insolu-
ble chelate as a chromophore to express purplish and/or bluish colors in association with violdelphin
(2) and/or cyanodelphin (3) [6, 7). In 2003, Yoshida’s group further updated the findings indicating
that the mechanism of blue light emission was not based upon the formation of a chelate with several
heavy metal ions, such as Mg, Al and Fe, in the cytosol when the blue sepal protoplast was cultured
[17]. The variation in cyanic coloration of delphiniums results from the admixture of non-acylated
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and/or acylated anthocyanins under conditions of unchanged vacuolar pH and Al*.

We investigated the fact preliminarily and we obtained data that the hue angle decreased along
with the increase of the ratio between AI** and cyanodelphin (3) (Fig. 6). The result will likely be contro-
versial because the ratios of the blue flowers at earlier stages after the day of flower opening are rela-
tively high enough to become bluish color. However, the blue flowers contained an extremely large
amount of violdelphin (2) when compared with that of cyanodelphin (3) at earlier stages. From this
point of view, the ratio between major pigments such as 2 and 3 contribute largely to the expression of
bluish flower coloration, with the co-factor of the formation of metal-complex between Al* and
cyanodelphin (3).

Finally, these results are mathematical determinations that identify for the first time the relation-
ship between anthocyanins and intact coloration. In conclusion, the primary determinant for color in cy-
anic Delphinium flowers is the type and mixture of acylated anthocyanins. Colors can be specified by enu-
meration on the plot, and the sepal anthocyanins immediately designate the direction of flower color

(hue).
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