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Abstract

This study collected 183 Hemerocallis varieties to conduct numerical classification of flower
color and provide valuable baseline data and foundational theory for normalization and pre-
cision of Hemerocallis. The color CIELab phenotypes were collected via colorimeter (CR-10
Plus), which separately measured three sepal and petal parts (throat, eye and limb). The
colors of experimental samples were artificially named by the Royal Horticultural Society
Colour Chart (RHSCC). All the data were analyzed using R software. The results showed
that the throat was predominantly green-yellow, light yellow and yellow; green-yellow
accounted for the largest proportion of sepals (67.76%) and petals (69.40%). The eye was
more abundant, and there were significant differences between sepals and petals. The limb
was clustered into five color groups (orange, yellow, pink, red and purple); the yellow group
had the most varieties for both sepals and petals, containing 57.38% and 55.74%, respec-
tively. Both sepals and petals had significant differences (p<0.0001) in color (AE), redness
(a*) and color angle (h) for the throat, eye and limb. However, the difference in CIELab phe-
notypes between the eye and limb were not significant. According to “Dual Classification”,
the color classification standard was proposed as a 3-level standard. The color of sepal and
petal consistency served as the first standard, and the color of limb was the second stan-
dard. The color pattern types of pure, gradual change, watermark and eye spot, served as
the third standard. It has been proposed that all the 183 experimental varieties were divided
into two categories, five groups and finally four types. This study provides a classification
basis and reference for numeric and standardized color phenotype description for
Hemerocallis.

Introduction

The Daylily (Hemerocallis spp.) is one of the most famous ornamental crops in the world. The
genus Hemerocallis consists of 14 wild species; 11 of them originated from China [1, 2]. Over
83,000 modern cultivars [3] are widely planted for ornamental, vegetable or medicinal use.
Hemerocallis has application value, divided into edible day lily varieties and horticultural varie-
ties. In Chinese, the edible day lily is known as “Jin zhen” (golden noodle), which was a
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traditional ingredient in soup and stir fry [4]. The complex genetic background of Hemerocal-
lis requires quantitative classification of flower color phenotypes to promote the standardiza-
tion of description in germplasm resources and efficient utilization of resources.

The classification of Hemerocallis varieties were first reported by A.B. Stout [5], who identi-
fied 15 color patterns for the floral organs. Since then, more researchers have focused on vari-
ety classification. Xiong et al. [6] placed the 11 Hemerocallis taxa into 4 clusters using cluster
analysis and principal component analysis. For example, H. lilioasphodelus, H. citrine, H. thun-
bergii and H. multiflora were grouped in the first cluster; H. dumortieri and H. middendorfii in
the second cluster; H. plicata, H. nana and H. forrestii in the third cluster; and other cultivars
in the fourth cluster. Kong [7] found that seed micromorphology of Hemerocallis could be
used in germplasm classification at the species level; however, Li et al. [8] found the ploidy
analysis difficult for the complex ploidy of Hemerocallis cultivars, when the ploidy of many
common cultivars was unknown. Saito et al. [9] studied the ploidy of 9 wild species and 94 cul-
tivated varieties by flow cytometry methods; 59 diploid varieties, 2 triploid varieties and 33 tet-
raploid varieties were finally identified. Saito et al. [9] also reported that: H. lilioasphodelus, H.
thunbergii and two varieties of H. dumortieri were diploid; H. fulva var. kwanso was triploid;
and H. fulva var. littorea, H. fulva var. longituba and H. fulva var. rosea were diploid. Thus, H.
fulva was a species with a diverse genetic background.

This complicated genetic background made it difficult to classify Hemerocallis. Thus, many
researchers categorized daylily germplasm differently. Xiong et al. [10] divided Hemerocallis
into a day-blooming group and a night-blooming group. Chinese scholars always use “dual
classification” to classify flower varieties [11], where both evolutionary and development ten-
dency as well as practical application and morphological characteristics are considered. Du
etal. [12] proposed five classification criteria for H. hybridus according to its breeding strategy,
i.e., gene type, plant type, length of green period, early or late flowering period and flower
characteristics. However, this research did not characterize the flower color of H. hybridus in
detail. Zhu et al. [13] developed 8 grading standards by investigating 273 varieties. In this
research, stable hereditary traits such as chromosome number and flowering habit were used
as the first and second grading standards; flower color was used as the fifth grading standard,
without consideration of flower color numerical treatment nor color pattern. Wild day lily
germplasm always showed a single flower color, whereas modern hybrid horticultural varieties
always showed a more complex color distribution pattern. Wang et al. [14] separately classified
pure, mixed, poly-color, multi-color and double-color for floral organ color, and they also
identified color spot, watermark, middle rib and throat color patterns. However, the main
ornamental part of daylily floral organs was the six perianth lobes, which are commonly called
the outer three perianth lobes and the inner three perianth lobes. The outer three perianth
lobes belong to sepals and the inner three perianth lobes belong to petals [15]. It should be
noted that the color names (e.g., color spot, watermark and throat) indicated perianth lobe
color not floral positions, which were also easily confused in previous studies. In addition, the
difference between outer and inner perianth lobes for daylily floral organs had not been
reported.

Flower color is an important phenotypic trait for classification [16] of ornamental plant
varieties. Although flower color can be determined using colorimetric cards, subjective error
can limit the industry interchange. Thus, measuring color phenotypes using instrumental
color measurement has been used for many ornamental plants, such as chrysanthemum [17],
rose [18] and carnation [19]. To date, there are no studies that report quantitative flower color
for Hemerocallis.

In this study, we collected 183 Hemerocallis varieties from 2016 to 2018 and focused on
quantitative analysis of flower color using a colorimeter (CR-10 Plus). The outer and inner
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perianth lobes were separated and measured for color phenotypic data, respectively. The peri-
anth lobes contained three different parts (throat, eye and limb), the colors of which were
named using the Royal Horticultural Society Color Chart (RHSCC). We subsequently pro-
posed flower color classification standards for Hemerocallis according to “Dual Classification”
[11]. This study also attempted to provide a basis for the precise definition of flower color and
laid a foundation for Hemerocallis flower color breeding.

Materials and methods
Materials

We collected 183 daylily varieties cultivated in Taigu County of Shanxi province (E: 112.53°,
N: 37.42°) and investigated flower color data continuously from 2016 to 2018. These varieties
contained 14 wild species, 12 breeding lines from our hybrids, 63 edible day lily landraces and
58 horticultural cultivars from China, and 36 Euro-American cultivars from the US, Canada,
Netherlands, and Austrians (S1 Table).

Flower color measuring method

In this study, five blooming flowers were randomly selected from each variety. The outer and
inner perianth lobes of each flower were separately placed on clean white paper for color data
measurement using a colorimeter (CR-10 Plus). As shown in Fig 1, the three parts of the outer
and inner perianth lobes (throat, eye and limb) were measured under the following conditions:
built-in light source D65°; window diameter 8 mm; and observation angle 10°. Color indica-
tors, such as lightness (L*), redness (a*), yellowness (b*), total aberrations (AE), chroma (C)
and hue angle (), were measured. The average of each color indicator was used to represent
the color information for each part. In our experimental operation, the position of the middle
rib was avoided whenever possible to minimize the interference of the color difference
between the middle rib and other parts.

Color distinction and data analysis

We artificially distinguished and named the color of different parts according to RHSCC, and
recorded petal color pattern by visual inspection. The pattern of pure was labeled as 1, gradual
change was labeled as 2, watermark was labeled as 3, eye spot was labeled as 4. The middle rib
was labeled as 0 or 1. The experimental data measured by colorimeter was exported to Micro-
soft Excel 2007. All statistical analysis and graphics works were calculated using R Language,
such as cluster analysis, nonparametric test and statistical figures.

Results
The cluster analysis of color phenotype

The cluster analysis for the color phenotypic data from three parts of outer and inner perianth
lobes (throat, eye and limb) were analyzed using R Language. First, the values of L*, a* and b*
were standardized by Euclidean methods under the dist() function. Second, the standardized
data was calculated under the hclust() function using the parameter “method = complete”.
After drawing jump lines at H = 40, the cluster results of the three parts from sepals and petals
were corrected according to RHSCC. The cluster results are shown in Table 1.

The cluster analysis of color phenotype in the three parts of sepals. There were three
colors distributed in the throat samples in this experiment: yellow-green, light yellow and yel-
low. The largest proportion of samples was colored yellow-green (67.76%), followed by light
yellow (27.87%), and the smallest proportion of samples was colored yellow (1.09%).
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Fig 1. The illustration of daylily flower color measurement location (A: sepal, B: petal).

https://doi.org/10.1371/journal.pone.0216460.9001

The color of the eye was significantly richer than the throat. There were five cluster groups
(Table 1) such as yellow-green, light yellow, yellow, light pink/light red and red/light purple.
Most samples were light yellow (57.38%), whereas yellow accounted for the lowest proportion
(3.27%).

It must be noted that the limb colors were clustered into six groups at H = 40 after cluster
analysis. However, we found that the light yellow group was most similar to the yellow group
according to RHSCC. In addition, both edible day lily and horticultural cultivars were
observed to have these two color groups at the same time. Results showed that there were 5
cluster groups, such as orange, yellow, pink, red and purple (Table 1), after merging light yel-
low and yellow into the yellow group.
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Table 1. The clusters of Hemerocallis sepal and petal color phenotypes.

Measured Part Color Group

Throat yellow-green
light yellow
yellow
Eye yellow-green
light yellow
yellow
light pink\light red
orange
red \light purple
dark red\purple
Limb yellow
pink
orange
red
purple
https://doi.org/10.1371/journal.pone.0216460.t001

No. of Species Percentage(%) RHSCC Color Name
Sepal Petal Sepal Petal

104 127 67.76 69.40 150A~150C, 154A~154D

77 48 27.87 26.78 2B, 3B, 4B

2 8 1.09 4.37 4A, 5A~5B, 6A~6C

38 — 20.77 — 150A~150C, 154A~154D

105 86 57.38 46.99 2B, 3B, 4B

6 40 3.27 21.87 4A, 5A~5B, 6A~6C

19 — 10.38 — 56A~56D, 65A~65D, 69A~69D

— 13 — 7.10 17A~17C, 23A~23C, 25A, N25A~N25D, 28A~28B, 30A~30D
15 22 8.20 12.02 N30A., 40A~41D, N57D, 58D

— 22 — 12.02 45A~47B, 59D, 83A~83C

105 102 57.38 55.74 2B~6C, 150A~150C, 154A~154D

12 18 6.56 9.84 65A~65D, 69A~69D

30 24 16.39 13.11 17A~17C, 23A~23C, 25A, N25A~N25D, 28A~28B. 30A~30D
23 26 12.57 14.21 N30A, 40A~41D, 45A~47B, N57D, 58D

13 13 7.10 7.10 59D, 83A~83C

The cluster analysis of color phenotype in the three parts of petals. Similar to sepals,
the colors of the throat petals were yellow-green, light yellow and yellow, with proportions of
69.40%, 27.87% and 4.37%, respectively. However, the colors of petal eyes were inconsistent
with those of the sepals, which are shown in Table 1. When compared with sepals, the two
petal color groups of yellow-green and light pink/light red were lacking, whereas the two
groups of orange and dark red/purple were added (Table 1). The largest proportion observed
was light yellow (46.99%) and the smallest proportion was orange (7.10%). Hence, the color of
eye variation of Hemerocallis was more complex than that of the throat because the eye belongs
to the transitional position between throat and limb.

Petals were the main ornamental part of daylily flower organs. The cluster results showed
five color groups (orange, yellow, pink, red and purple) which were similar to sepals. The 183
germplasm samples were divided into the five color groups in this study. The largest propor-
tion of samples belonged to the yellow group (55.74%), followed by orange group (13.11%),
and the smallest proportion belonged to the purple group (7.10%).

The difference in color phenotype among different parts

The color phenotypic values for different parts were different. The data between sepals and
petals were calculated by the Q-Q normality test on the R Language platform, but only C value
for sepal throat and the AE value for sepals and petals showed a normal distribution (S1, S2,
S3, §4, S5 and S6 Figs). Hence, this study used the Mann-Whitney U nonparametric test for
further analysis (Table 2).

The color phenotype difference between different parts of sepals. As shown in Table 2,
the values for color indicators were different between different parts. Throat showed signifi-
cantly different AE value (at p<0.001 level) than the other two parts, whereas there was no dif-
ference between eye and limb (p>0.05). Similarly, the value of a* was significantly different
between throat and other parts (p<0.001). The value of L* was significantly different between
throat and eye (p<0.05). The C value was significantly different (p<0.001) between throat and
eye. But the value of b* showed no difference. Hence, the throat was different from the other
parts, whereas the eye and the limb had no significant difference.
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Table 2. The p value of the Mann-Whitney U test between different parts of sepal and petal color.

Contrast Group CIELab Coordinate
AE L* a* b* C h
Sepal | | 4.87e-09"** 0.045" 8.76e-14""* 0.083 3.04e-05""* 4.476e-05""*
Il 1.69e-07*** 0.109 5.45e-14*** 0.818 0.074 1.379e-06"**
LI} 0.568 0.119 0.889 0.040* 0.037* 0.217
Petal | | 2.36e-11"** 0.394 1.314e-11""* 0.306 0.010* 0.000225***
Il 1.85e-12*** 0.275 4.742e-14""" 0.073 0.0001244"** 2.47e-05""*
1] 0.254 0.358 0.359 0.764 0.202 0.367
v 0.000354"** 0.012* 0.129 5.58e-05""* 2.12e-05""* 0.411
\ 0.000491*** 0.029* 0.380 0.043* 0.025* 0.729
\4 6.86e-05""" 0.0032*** 0.108 0.00041*** 1.79e-06"** 0.941
Note:

*** indicates p<0.001,

** indicates p<0.01,

* indicates p<0.05;

lindicates throat—eye contrast group, Il indicates throat—limb contrast group, Il indicates eye—limb contrast group, IV indicates sepal throat—petal throat contrast

group, V indicates sepal eye—petal eye contrast group, VI indicates sepal limb—petal limb contrast group

https://doi.org/10.1371/journal.pone.0216460.t002

The color phenotype difference between different parts of petals. Contrary to sepals,
the three parts of petals showed no difference in flower color phenotype. There were no differ-
ence among all three parts for L* and b* (p>0.05). The color indicators between eye and limb
were also not significantly different (p>0.05). Throat was significantly different (p<0.001)
from the other two parts for values of AE, a* and h. For the value of C, throat was significantly
different with eye (p<0.05) and limb (p<0.001). It indicated significant differences between
throat and other parts, but there was no significant difference between eye and limb.

The difference in color phenotype among experimental germplasm

The germplasm of Hemerocallis always shows pure, gradual change, watermark and eye spot in
different color patterns, and it shows whether a middle rib is present [14]. In this research, we
labeled pure as 1, gradual change as 2, watermark as 3 and eye spot as 4. To record whether a
middle rib was present, we labeled 0 as middle rib and 1 as no middle rib. Results indicate that
all four color patterns were observed in our investigation. There were 108 varieties of pure
color, 33 gradual change, 24 watermark, and 18 eye spot, which accounted for 59.02%, 18.03%,
13.11% and 9.84%, respectively (Fig 2). In addition, there were 55 varieties that had an obvious
middle rib and 128 varieties without middle rib, which accounted for 30.05% and 69.95%,
respectively.

Discrimination and classification of color patterns for Hemerocallis. Hemerocallis had
abundant flower color phenotypes and the typical samples are shown in Fig 3. The different
parts of flower organs could be named according to RHSCC, which are shown in Table 1. In
this research, color pattern had been manually observed as pure (Fig 3B, 3H, 30 and 3P), grad-
ual change (Fig 3A, 3D, 3E, 31, 3K and 3Q), watermark (Fig 3F, 3] and 3K), and eye spot (Fig
3G, 3L and 3N). However, the CIELab data showed no statistical significant difference, partic-
ularly for eye spot cultivars. For example, ‘Moon Masquerade’ (Fig 3G) has a significant purple
eye spot. The color could be observed to be different between limb and eye, but the Mann-
Whitney U results showed no significant difference except the value of L*. In this work, the
paired t-test (Table 2) also indicated no difference between different parts according to CIELab
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Fig 2. The distribution ratio of color pattern of Hemerocallis.

https://doi.org/10.1371/journal.pone.0216460.9002

data. Hence, it was necessary to differentiate between color pattern simultaneously using col-
orimeter and manual methods. In addition, there were five varieties that had different colors
of sepals and petals (Fig 3C and 3M), and they clustered in different groups (Fig 2).

Determination of flower color phenotype grading index. Classification of flower varie-
ties always used “Dual Classification” as the reference method [11], which raised “provenances
relationship” as the precondition level index. Thus, the traits with evolutionary significance
and steady hereditary should be considered preferentially when Hemerocallis varieties are
classified.

The sepals belong to the calyx, which indicates a different phylogenic relationship when
compared with petals belonging to the corolla [15]. In this research, the color indicators were
different (p<<0.05) between sepals and petals at values of AE, L*, b* and C according to the
Mann-Whitney U test results (Table 2). The five varieties, with different colors of sepals and
petals, belonged to the bicolor cultivar, which is a peculiar phenomenon among the Hermero-
callis. Thus, the presence of a color difference between sepals and petals should be viewed as
the first classification standard. Therefore, the 183 germplasm could be divided into two cate-
gories: bicolor and self-color.

We chose limb color, the main ornamental part of daylily, as the second classification stan-
dard, because of the single color of the throat and the lack of difference between the eye and
the limb. The 183 germplasms could be divided into five color groups (Table 1). The color pat-
tern discrimination served as the third classification standard, and 4 types could be classified
in our study. Finally, the experimental varieties were divided into 2 categories, 5 groups and 4
types, with the following identification.

The Flower color Classification index of Hemerocallis

1. Sepal and petal show inconsistency color ......................................Bicolor category
2.Limb colorisyellow...........cc.coviiiiiiii e oo e Yellow group
3. Throat, eye and limb colors are identical ..................................... Pure type
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Fig 3. The phenotypic diversity of daylily cultivars flower colors. Note: The cultivars photographed under indoor illumination, are identified as follows: A: ‘Suqian 1-H’,
B: ‘ChaZi Hua’, C: ‘Panlong Hua’, D: ‘Suqian 3-C’, E: ‘Apache’, F: ‘Truth’, G: ‘Moon Masquerade’, H: ‘Nakaf’, I: ‘Blue Sheen’, J: ‘XiaoHong’, K: ‘Children’s Festival’, L:
‘Elegant Greeting’, M: ‘Frans Hals’, N: ‘Little Bee’, O: ‘Da Wuzui’, P: ‘Ruffled Apricot’, Q:'Y-326’, R:‘Cream Roll’, S:‘Beijing 1, T:‘Little Red Baron’.

https://doi.org/10.1371/journal.pone.0216460.9003
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3. Throat color is different from others, but eye and limb are similar ... . ..Gradual change
type
3. Eye is different from others .. ......................... ... ... ........Watermark type
3. Eye always has significant spot .....................co. oo oot ... .Eye spot type
2.Limb colorispink........... ... ..o .. ......Pink group
3. Throat color is different from others, but eye and limb are similar ...Gradual change type
3. Eye is different from others .. ... ... ... ..o ool i oL Watermark type
3. Eye always has significant spot .......................................... .Eye spot type
2.Limb colorisorange............ccoooeiiiiiii i e oo e e .Orange group
3. Throat color is different from others, but eye and limb are similar ...Gradual change type
3. Eye is different from others . ....................... ... ... .Watermark type
3. Eye always has significant spot .. .............c..eeo oo oo oo oo . Eye spot type
2.Limbcolorisred .........ccoiiiii e e e on . Red group
3. Throat color is different from others, but eye and limb are similar ...Gradual change type
3. Eye is different from others .. ................ ... ... ..........Watermark type
3. Eye always has significant spot .. ...................... oot o ... Eye spot type
2.Limb colorispurple ... ..ot e e . L Purple group
3. Throat color is different from others, but eye and limb are similar ...Gradual change type
3. Eye is different from others .. ......................o. oo L. . JWatermark type
3. Eye always has significant spot .. ....................c.. oo e oo ... . .Eye spot type

1. Sepal and petal show consistent color . . ... .......oovovie v cnn .
2.Limb colorisyellow .. .........coiiii

3. Petal throat, middle and petal color are identical... . ... .... ... .. ...

. ...self-color category

. ee.....Yellow group

e ... Pure type

3. Petal throat was different with others, but middle and petal were same ...Gradual change type

3. Middle was different with others. .....................co oo oL ... . Watermark type
3. Middle always has significant spot . . ............cc.vece et oot vee v e o oe ... . .. Eyezone type
2.Limb colorispink...............ooi i e L Pink group

3. Throat color is different from others, but eye and limb are similar ...Gradual change type

3. Eye is different from others .. ... ........... ... ... ....Watermark type
3. Eye always has significant spot .. ................ oo oo ceo oo oo ... Eye spot type
2. Limb colorisorange. ..........cco it i ee e e e en e Orange group

3. Throat color is different from others, but eye and limb are similar ...Gradual change type

3. Eye is different from others .. ... ............. ..ot oo oL ... . Watermark type
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3. Eye always has significant spot .............................................Eye spot type
2.Limb colorisred .. ......oooimiiii e e e W Red group

3. Throat color is different from others, but eye and limb are similar ...Gradual change type

3. Eye is different from others .. ... ............. ..o oot oo ... JWatermark type
3. Eye always has significant spot .. ............................... .. .. ... .Eye spot type
2.Limb colorispurple..........occo i e e e e e .. Purple group

3. Throat color is different from others, but eye and limb are similar ...Gradual change type
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The characteristic of flower color phenotype

The CIELab distribution of different color groups. The color indicators for the limb of
petals measured by CR-10 Plus showed significant differences among the five color groups
(Table 3). The yellow group had the highest values of L* (45.42~85.10) and b* (29.12~75.78).
At the same time, the red group had the lowest value of L* (18.66~60.14), and the purple group
had the lowest value of b* (4.30~44.96). The orange group had the highest value of a*
(38.50~45.84); meanwhile, yellow and pink groups had the lowest value of a*. The pink group
was distributed in 12.48~30.24, and the yellow group had the lowest value (-1.00), which was
the only group that contained a negative value among all the color groups.

The value of AE showed significant differences for all five color groups observed in the
box plot (Fig 4). Red and purple groups were closed at lower quantile values for L* and k. The
average of C value was similar between red and pink groups, but the pink group was signifi-
cantly different from the purple group. Red may be the transition color from pink to purple, so
these color indicators overlapped. The orange group had many similar characters as the yellow
group, indicating common characteristics between the two color groups. After the artificial
correction from RHSCC color identification, it could be concluded that the relationship
between the color groups and CIELab color phenotype values could objectively distinguish dif-
ferent color groups and basically conform to the characteristics of flower color phenotype for
daylily.

The color phenotype distribution characteristics of color groups. In the two-dimen-
sional coordinate space, where a* rangs from -1.00 to 45.84 on the X-axis and b* rangs from
4.30 to 75.78 on the Y-axis, the experimental varieties were widely distributed (Fig 5). The yel-
low group was significantly higher and more centered than other groups for the b* value, but it
was scattered for the a* value. These results occurred because the yellow group contained two

Table 3. The distribution range of CIELab measuring from the limb of petals for Hemerocallis.

Color Group
L*
yellow 45.42~85.10
pink 61.38~78.58
orange 47.34~61.16
red 18.66~60.14
purple 28.56~59.04

https://doi.org/10.1371/journal.pone.0216460.t003

CIELab Coordinate
a* b* C h
-1.00~44.36 29.12~75.78 43.68~79.88 68.10~86.08
12.48~30.24 27.66~53.56 30.82~59.74 71.28~78.54
38.50~45.84 43.26~58.88 59.34~73.24 67.14~71.90
14.60~40.30 7.94~47.30 24.00~55.84 63.02~76.42
20.32~43.88 4.30~44.96 22.86~60.74 62.98~71.90
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Fig 4. The box plot based on the limb of petal color phenotype for Hemerocallis according to CIELab data. 1: Orange group; 2: Yellow group; 3: Pink group; 4: Red
group; 5: Purple group.

https://doi.org/10.1371/journal.pone.0216460.9004

cultivar groups: edible day lily and horticultural cultivars. Edible day lily was mainly distrib-
uted in the upper left of the two-dimensional coordinate space (Figs 5A and 2A). Horticultural
cultivars were dispersed above the two-dimensional coordinate space (Figs 5A and 2B). Fig 5
shows that the orange group was distributed in the upper right with high values for a* and b*.
The purple group mainly distributed below the coordinate axis with lower b* values. There
was an outlier represented by ‘Elegant Greeting’ (Fig 3L) that belonged to the purple group
according to RHSCC, however the CIELab phenotype was close to the pink group. The results
indicated the importance of RHSCC for color discrimination. The red group was distributed
overlapping among the orange group, pink group and purple group, which indicated a transi-
tional relationship for red cultivars to orange, pink and purple cultivars of Hemerocallis. The
three-dimensional coordinate space for L*, a* and b* showed that all 5 groups were distributed
throughout the spaces (Fig 5B).

This research also performed regression analysis for L* and C; the results are shown in Fig
6.1t could be seen that 183 experimental varieties showed a linear relationship; the linear
regression equation was y = 28.87+0.45x (R* = 0.4138, p = 2.2e-16, F = 127.8). It suggest that
the L* value increased to a small extent with the increase of the C value, but it was not signifi-
cant. However, the linear regression for the orange and yellow groups were significant; the lin-
ear regression equation were y = 27.11 + 0.73x (R* = 0.3823, p = 0.0012, F = 13.62) and
y = 54.24 + 0.15x (R* = 0.044, p = 0.0352, F = 4.561), respectively. However, the other three
color groups (red group, pink group and purple group) had no linear relationships. These
results indicated that the values of L* and C could not be used for cultivar classification of
Hemerocallis.
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Fig 5. The flower color distribution for limb of petal of Hemerocallis. A: Two dimensional coordinate systems of a*, b*; B: Three dimensional coordinate systems of L*,
a*, b*. 1: Orange group; 2: Yellow group (2a mainly contain edible daylily, 2b mainly contain horticultural cultivars); 3: Pink group; 4: Red group; 5: Purple group.

https://doi.org/10.1371/journal.pone.0216460.9005

Discussion

The color phenotype measurement by colorimeter showed deviation and outliers and did not
fully characterize the phenotypic characteristic of flower color. Hence, a colorimetric card was
needed for revision. A similar phenomena has been described for other ornamental plants
such as chrysanthemum [17] and rose [18]. In our study, the experimental samples contained
common germplasms of Hemerocallis, mainly from Shanxi, Shaanxi, Heibei, Shandong,
Hunan, Hubei, Fujian, Sichuan, Yunnan, Gansu, Ningxia, Inner Mongolia and Taiwan. Com-
mercial Euro-American varieties from 4 different countries were also included in this work.
We examined 183 daylily varieties by colorimeter in this work, which was the largest number
of varieties so far and could provide important information for cultivar classification work for
Hemerocallis.

In previous studies, Du et al. [12] divided 21 cultivars into 2 categories, 4 series and 8 culti-
var groups; the second grading standard “series” means corolla diameter. However, Zhu [13]
divided 10 cultivars into 2 categories, 2 series, 2 sects and 5 color groups; the second grading
standard “series” indicates florescence, and flower color served as the fourth grading standard.
The same traits were examined with different grading standards in different reports, which
was not advantageous for cultivar classification and industry communication. In addition, we
discovered that the colors of outer and inner perianth lobes showed different genetic expres-
sion. The Y-326’ (Fig 3Q) has different colors for sepals and petals; this line represents cross
breeding from the female parent ‘Datong’ (yellow) and the male parent ‘Lullaby Baby’ (pink)
(cross parents graphic not shown). Thus, the inner and outer bicolor was steady and heredi-
tary. In this study, it was necessary to choose whether the color difference between sepals and
petals as the first grading standard. The genetic mechanism for outer and inner perianth lobe
colors for Hemerocallis needs to be explored in depth in the future, which could benefit breed-
ing of bicolor varieties and enrich the germplasm resources for Hemerocallis.
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The color pattern of Hemerocallis should be determined using traditional methods. No rela-
tionship was observed between throat, eye and limb from the CIELab phenotype in this
research. In addition, the middle rib cannot be determined by colorimeter because its shape is
always a thin line (Fig 3D, 31 and 3L). In this study, the colorimeter window was 8 mm diame-
ter, so the middle rib could not be accurately detected with the window. In addition, we
avoided part of the middle rib when measuring flower color to minimize color interference.

In this research, 183 varieties were divided into 5 color groups, without white and blue con-
taining. This may explain why values of L*, a* and b* were distributed narrowly in the two-
dimensional coordinate space. Huang [20] reported a* values ranging from -12.00 to 43.56
after measuring white cultivars, which indicates that daylily had a negative value distribution
similar to chrysanthemum[17] and rose [18]. Hemerocallis has been lacking in blue varieties,
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but its flower is rich in flavonoids [21], which belong to the phenylpropane metabolic pathway.
Anthocyanin also belonged to this metabolic pathway [22]. Blue flower color was monitored
by F3’5’H delphinidin accumulation [23]. Delphinidin glycoside always expressed purple or
dark red alone, but showed a blue color when flavonoids appeared as auxiliary pigments. The
main auxiliary pigments were kaempferol and quercetin, which had been observed in Gera-
nium wilfordii and Pelargonium hortorum [24, 25]. It has been reported that daylily is rich in
kaempferol and quercetin [26], which indicates that it has the ability to produce blue cultivars.
This work also found many purple and dark red cultivars from the 183 experimental germ-
plasms. If the metabolic mechanism for anthocyanin glycoside and the biosynthesis pathway
for delphinidin could be determined, breeders could achieve the objective of breeding blue
varieties of Hemerocallis in the future. In addition, the single flower of Hemerocallis was
divided into seven stages, from opening to withering, which usually lasted only 36h [27].
Therefore, its flower organ opening and programmed death was typical [15, 28], which high-
lights the need for further study. It could be inferred that the daylily was an ideal subject for
studying the mechanism of anthocyanin metabolism and molecular regulation in plants.

Supporting information

S1 Fig. The Q-Q normality test of throat of sepal.
(TIF)

$2 Fig. The Q-Q normality test of eye of sepal.
(TIF)

$3 Fig. The Q-Q normality test of limb of sepal.
(TIF)

$4 Fig. The Q-Q normality test of throat of petal.
(TIF)

S5 Fig. The Q-Q normality test of eye of petal.
(TIF)

S6 Fig. The Q-Q normality test of limb of petal.
(TIF)

S1 Table. The experimental Hemerocallis germplasms in this study.
(DOCX)

Author Contributions

Data curation: Huliang Cui.

Formal analysis: Huliang Cui, Sen Li.

Funding acquisition: Guoming Xing, Sen Li.

Methodology: Feifei Gong, Xiong Xiong.

Software: Huliang Cui.

Validation: Huliang Cui, Xiuping Kang, Guoming Xing, Sen Li.
Visualization: Huliang Cui.

Writing - original draft: Huliang Cui, Yanan Zhang, Xiaolu Shi.

Writing - review & editing: Huliang Cui.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216460 June 6, 2019 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216460.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216460.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216460.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216460.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216460.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216460.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0216460.s007
https://doi.org/10.1371/journal.pone.0216460

@ PLOS|ONE

The numerical classification and grading standards of daylily flower color

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

LiuW, Zhao Y, Sun J, Li G, Shan Y, Chen P. Study the effects of drying processes on chemical compo-
sitions in daylily flowers using flow injection mass spectrometric fingerprinting method and chemo-
metrics. Food Research International 2017; 102: 493-503. https://doi.org/10.1016/j.foodres.2017.09.
015 PMID: 29195977

HsuY, Tsai C, Chen W, Ho Y, Lu F.Determination of lutein and zeaxanthin and antioxidant capacity of
supercritical carbon dioxide extract from daylily (Hemerocallis disticha). Food Chemistry 2011; 129 (4):
1813-1818.

AHS. Online daylily cultivar database. Hemerocallis Soc. [DB/OL]. 2017; http://www.daylilies.org/
DaylilyDB/advanced.

Roland R T, Sylvie B, Benjamin N, Ezequiel L C. Daylily protein constituents of the pollen and stigma a
proteomics approach. Journal of Plant Physiology 2017; 212: 1-12. https://doi.org/10.1016/j.jplph.
2017.01.006 PMID: 28242413

Stout A.B Report on inter-specific hybridizations in Hemerocallis. Herbertia, 1941(8): 95—1083.

Xiong Z T, Chen X Q, Hong D Y. Numerical Taxonomic Studies of Hemerocallis (Liliaceae) from China.
Acta Phytotaxonomica Sinica 1997; 35 (4): 311-316. (in Chinese)

Kong H. Study on the Seeds micro-morphological characteristics of Hemerocallis and its taxonomic sig-
nificance. Acta Bot. Boreal 2001; 02: 373-376. (in Chinese)

LiS,ShiQQ, HouF F,Chen ZF, Ji F F, Dang H M, et al. Diversity of the main ornamental traits for
Hemerocallis spp. accessions. Journal of Shanxi Agricultural University(Natural Science Edition) 2016;
09: 619-627. (in Chinese)

Saito H, Mizunashi K, Tanaka S, Adachi Y, Nakano M. Ploidy estimation in Hemerocallis species and
cultivars by flow cytometry. Scientia Horticulturae 2003; 97(2):185—-192.

Xiong Z T, Chen X Q, Hong D Y. Taxonomic Studies on the Nocturnal Flowering Group of Hemerocallis
(Liliaceae) from China. Acta Phytotaxonomica Sinica 1996; 06: 586-591. (in Chinese)

Chen J Y. "Dual Classification": A New Classification System for Chinese Flower Cultivars. Journal of
Beijing Forestry University 1998; 02: 5-9. (in Chinese)

Du E, Zhang Z G, Ma L Studies on the classification of Hemerocallis hybrids cultivars. Journal of North-
west Science and Technology University of Agriculture and Forestry (Natural Science Edition) 2005;
10: 85-88. (in Chinese)

Zhu H F The Classification, Selection and Hereditary Background Analysis of Hemerocallis Varieties.
Thesis, Shanghai Jiao Tong University. 2008.(in Chinese)

Wang X Q, Gao Y K. Hemerocallis. Beijing: China Forestry Publishing House; 2014. (in Chinese)

Rodriguez-Enriquez M J, Grant-Downton R T. A new day dawning: Hemerocallis (daylily) as a future
model organism. AoB PLANTS 2013; 5: pls055; https://doi.org/10.1093/acbpla/pls055 PMID:
23440613

Yoshikazu T, Nobuhiro S and Akemi O. Biosynthesis of plant pigments: ahthocyanins, betalains and
carotenoids. The Plant Journal 2008; 54: 733-749. https://doi.org/10.1111/j.1365-313X.2008.03447 .x
PMID: 18476875

Hong Y, Bai X Y, Sun W, Jia F, Dai S. The Numerical Classification of Chrysanthemum Flower Color
Phenotype. Acta Horticulturae Sinica 2012; 07: 1330—1340. (in Chinese)

WangF, Yang S H, Liu XY, Cui J, Chang Z, Ge H. The Diversity of Petal Color and Its Relation to Antho-
cyanins in Rose Germplasms. Acta Horticulturae Sinica 2017; 06: 1125—1134. (in Chinese)

Gonnet J F. CIELab measurement, a precies communication in flower colour: An example with carna-
tion (Dianthus caryophyllus) cultivars. Journal of Horticultural Science 1993; 68(4): 499-510.

Huang X L. Research of Flower color and Petal flavoroids of Hemerocallis. Thesis, Heibei Agricultural
University. 2013.(in Chinese)

Kao F J, Chiang W D, Liu H M. Inhibitory effect of daylily buds at various stages of maturity on nitric
oxide production and the involved phenolic compounds. LWT—Food Science and Technology 2015;
61(1): 130-137.

Brugliera F, Barri-Rewell G, Holton T A, Mason J G. Isolation and characterization of a flavonoid 3'-
hydroxylase cDNA clone corresponding to the Ht1 locus of Petunia hybrida. The Plant journal: for cell
and molecular biology 1999; 19(4): 441-451.

Nakatsuka T, Nishihara M, Mishiba K, Hirano H, Yamamura S. Two different transposable elements
inserted in flavonoid 3’, 5’-hydroxylase gene contribute to pink flower coloration in Gentiana scabra.
Molecular Genetic & Genomic 2006; 275(3): 231-241.

PLOS ONE | https://doi.org/10.1371/journal.pone.0216460 June 6, 2019 15/16


https://doi.org/10.1016/j.foodres.2017.09.015
https://doi.org/10.1016/j.foodres.2017.09.015
http://www.ncbi.nlm.nih.gov/pubmed/29195977
http://www.daylilies.org/DaylilyDB/advanced
http://www.daylilies.org/DaylilyDB/advanced
https://doi.org/10.1016/j.jplph.2017.01.006
https://doi.org/10.1016/j.jplph.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28242413
https://doi.org/10.1093/aobpla/pls055
http://www.ncbi.nlm.nih.gov/pubmed/23440613
https://doi.org/10.1111/j.1365-313X.2008.03447.x
http://www.ncbi.nlm.nih.gov/pubmed/18476875
https://doi.org/10.1371/journal.pone.0216460

@ PLOS|ONE

The numerical classification and grading standards of daylily flower color

24,

25.

26.

27.

28.

Mitchell K, Markham K R, Boase M R. Pigment chemistry and colour of Pelargonium flowers. Phyto-
chemistry 1998; 47(3): 355-361.

Graca V C, Ferreira | C F R, Santos P F. Phytochemical composition and biological activities of Gera-
nium robertianum L.: A review. Industrial Crops & Products 2016; 87: 363—-378.

Fernandes L, Casal S, Pereira J A, Saraiva J A, Ramalhosa E. Edible flowers: A review of the nutritional,
antioxidant, antimicrobial properties and effects on human health. Journal of Food Composition and
Analysis 2017; 60: 38-50.

FuM, He Z, Zhao Y, Yang J, Mao L. Antioxidant properties and involved compounds of daylily flowers in
relation to maturity. Food Chemistry 2009; 114(4): 1192—1197.

Tremblay R R, Bourassa S, Nehmé B, Calvo E L. Daylily protein constituents of the pollen and stigma a
proteomics approach. Journal of Plant Physiology 2017; 212: 1—12. https://doi.org/10.1016/j.jplph.
2017.01.006 PMID: 28242413

PLOS ONE | https://doi.org/10.1371/journal.pone.0216460 June 6, 2019 16/16


https://doi.org/10.1016/j.jplph.2017.01.006
https://doi.org/10.1016/j.jplph.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28242413
https://doi.org/10.1371/journal.pone.0216460

