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Abstract

Gentian is an important ornamental flower in Japan. The corolla of the majority of cultivated

Japanese gentians have green spots, which are rarely encountered in flowers of other

angiosperms. Little information is available on the functional traits of the green spots. In this

study, we characterized the green spots in the Japanese gentian corolla using a number of

microscopic techniques. Opto-digital microscopy revealed that a single visible green spot is

composed of approximately 100 epidermal cells. The epidermal cells of a green spot formed

a dome-like structure and the cell lumen contained many green structures that were granu-

lar and approximately 5 μm in diameter. The green structures emitted red autofluorescence

when irradiated with 488 nm excitation light. Transmission electron microscopy revealed

that the green structures contained typical thylakoids and grana, thus indicating they are

chloroplasts. No grana were observed and the thylakoids had collapsed in the plastids of

epidermal cells surrounding green spots. To estimate the rate of photosynthetic electron

transfer of the green spots, we measured chlorophyll fluorescence using the MICROSCOPY

version of an Imaging-PAM (pulse-amplitude-modulated) fluorometer. Under actinic light of

449 μmol m−2 s−1, substantial electron flow through photosystem II was observed. Observa-

tion of green spot formation during corolla development revealed that immature green spots

formed at an early bud stage and developed to maturity associated with chloroplast degra-

dation in the surrounding epidermal cells. These results confirmed that the Japanese gen-

tian corolla contains functional chloroplasts in restricted areas of epidermal cells and

indicated that a sophisticated program for differential regulation of chloroplast formation and

degradation is operative in the epidermis.

Introduction

Angiosperms have evolved a variety of flower traits, such as diverse colors, patterns, shapes,

and scents, to attract pollinators for efficient sexual reproduction [1, 2]. Among angiosperms,
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Gentiana is a genus of flowering plants belonging to the gentian family (Gentianaceae). More

than 400 species are classified in this cosmopolitan genus and are specially distributed in alpine

areas [3]. In Japan, gentians are important ornamental plants grown as a cut flower or a flower-

ing potted plant. Furthermore, the roots and rhizomes of gentians are used in traditional medi-

cine for skin diseases caused by wind-heat or damp-heat [4]. To date, more than 300 gentian

cultivars derived from G. scabra, G. triflora, and their hybrids have been bred and selected for

ornamental purposes [5]. Generally, Japanese cultivated gentians have green spots on the

corolla adaxial surface, irrespective of flower color (S1 Fig). Previous molecular biological

studies have investigated diverse characteristics of Japanese gentians, which include not only

flower color (detailed in latter part) but also flower shape [6, 7], flowering time [8], overwinter-

ing [9], and floral odor [10].

The vivid blue color of the corolla of Japanese gentians is conferred by gentiodelphin, a

polyacylated anthocyanin [11]. The structure of other delphinidin derivatives has also been

characterized [12]. Several Japanese gentians produce pink or white flowers (S1 Fig). Previous

research revealed that disruption of the gene encoding flavonoid 30,50-hydroxylase (GtF3050H),
a crucial enzyme for delphinidin biosynthesis, results in development of a pink corolla in the

mutant [13, 14]. In a similar manner, disruption of the genes that encode anthocyanidin

synthase (GtANS) and a R2R3-MYB transcription factor (GtMYB3) regulating expression of

genes associated with flavonoid biosynthesis leads to a white-corolla phenotype [15, 16]. Using

this information, molecular DNA markers to distinguish individuals with pink or white corol-

las from genotypes with blue-pigmented corollas have been developed [17, 18]. Recently, novel

technologies, such as radiation with heavy ion beams and genome editing using the clustered

regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9

(CRISPR/Cas9) system, have been applied to induce novel flower colors in gentian [19, 20].

In contrast to the studies of flower color, no scientific research has been conducted previ-

ously on the green spots of the Japanese gentian corolla to the best of our knowledge. On the

other hand, in other plant families, several studies on the formation of petal spots have been

performed and are well summarized in a review by Davies et al. [1]. For instance, in Iris japon-
ica, the accumulation of carotenoids, anthocyanins or both in epidermal cells form spots. In

Asiatic hybrid lilies (Lilium spp.; Liliaceae), splatter-type spots are formed via anthocyanin

accumulation regulated by LhMYB12-Lat expression [21]. In Clarkia gracilis (Onagraceae),

the anthocyanin biosynthetic pathway is regulated to form sector-type spots [22]. Swertia
bimaculata (Gentianaceae) possesses nectaries, with a flat spot-like shape and yellow-green

color, that are located in the middle of the corolla lobe; it is reported that the nectaries function

as pollinator manipulators [23].

The presence of green spots on the corolla is an important factor that determines the com-

mercial value of Japanese gentians. Green spots are usually an undesirable trait and breeders

select lines with few green spots on the corolla. The size and number of the green spots vary

among cultivars, and are barely noticeable in some cultivars. Japanese gentians generally do

not bloom in the year of planting, therefore molecular markers are extremely useful to expedite

gentian breeding [5, 24]. Accurate prediction of the presence or absence of green spots before

flowering using DNA markers will greatly improve breeding efficiency. To this purpose, we

aim to develop DNA markers for green spots. However, limited information on corolla green

spots in gentian is available and detailed observation has not been conducted. In this study, we

focused on green spots of the gentian corolla and aimed to characterize their properties using

a variety of microscopic techniques. We determined that the cells in green spots retain func-

tional chloroplasts, unlike the surrounding epidermal cells. This is the first report describing

the traits of green spots on the corolla of Japanese gentians.
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Materials and methods

Plant materials

The Japanese gentian breeding line ‘Bzc-1’ [19] was used in this study. The plants were grown

in soil in pots under natural daylight in a greenhouse at the Iwate Agricultural Research Center

(S2 Fig).

Opto-digital microscopy

The epidermis and cross-sections of the ‘Bzc-1’ corolla with green spots were observed with an

opto-digital microscope (DSX500, Olympus Co., Tokyo, Japan). The cross-sections were cut

by hand to 300 μm thickness with a razor blade. A digital microscopy image of the corolla used

for SEM analysis was taken by Leica MZ16 FA (Leica microsystems, Wetzlar, Germany) with

DIGITAL SIGHT DS-5Mc (Nikon, Kawasaki, Japan).

Scanning electron microscopy

Fresh corollas (without fixation) with green spots sampled from ‘Bzc-1’ were subjected to scan-

ning electron microscopy (SEM) analysis. The SEM images shown in Fig 1 were acquired

using a JCM-6000 NeoScope (JEOL Ltd, Tokyo, Japan) at an acceleration voltage of 15 kV.

The SEM images shown in Fig 4 were captured using a Miniscope TM4000 (Hitachi High-

Tech Co., Tokyo, Japan) at an acceleration voltage of 15 kV.

Confocal laser scanning microscopy

Fresh corollas sampled from ‘Bzc-1’ were observed with a FLUOVIEW FV1000 confocal laser

scanning microscope (Olympus Co., Tokyo, Japan). Fluorescence images were acquired using

a 650–750 nm long-pass filter after excitation with an Ar laser (λex = 488 nm).

Transmission electron microscopy

Fresh corollas sampled from ‘Bzc-1’ were fixed with 2% paraformaldehyde and 2% glutaralde-

hyde in 0.05 M cacodylate buffer (pH 7.4) at 4˚C overnight. After fixation, the samples were

washed three times with 0.05 M cacodylate buffer for 30 min each, and were postfixed with 2%

osmium tetroxide in 0.05 M cacodylate buffer at 4˚C for 3 h. Subsequently, the samples were

dehydrated in a graded ethanol series (50%, 70%, 90%, and 100%). The dehydrated samples

were infiltrated with propylene oxide (PO) twice for 30 min each and were placed into a 70:30

mixture of PO and resin (Quetol-651, Nisshin EM Co., Tokyo, Japan) for 1 h. Subsequently, the

tube cap was opened and PO was volatilized overnight. The samples were transferred to fresh

100% resin and were polymerized at 60˚C for 48 h. The polymerized resin blocks were ultra-

thin-sectioned (80 nm) with a diamond knife using an Ultracut UCT ultramicrotome (Leica,

Vienna, Austria). The sections were mounted on copper grids, stained with 2% uranyl acetate at

room temperature for 15 min, washed with distilled water, then secondary-stained with Lead

stain solution (Sigma-Aldrich Co., Tokyo, Japan) at room temperature for 3 min. The grids

were observed using a transmission electron microscope (JEM-1400Plus, JEOL Ltd, Tokyo,

Japan) at an acceleration voltage of 100 kV. Digital images were captured with a CCD camera.

Imaging pulse-amplitude-modulated (PAM) chlorophyll fluorescence

Chlorophyll fluorescence imaging was performed using the MICROSCOPY version of Imag-

ing-PAM (Heinz Walz, Effeltrich, Germany) fluorometer with a microscope (Axioscope with

10× objective lens, Carl Zeiss, Germany) and ImagingWinGigE software (Heinz Walz). A blue
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LED lamp (IMAG-L470M, Heinz Walz) was used for measurements or as an actinic light

source. A small piece (about 1 cm2) of ‘Bzc-1’ corolla with green spots was placed on a micro-

scope slide and dark-acclimated for 5 min at room temperature. Subsequently, images of FII, a

parameter that represents photosynthetic yield (effective quantum yield of photosynthetic elec-

tron transfer), were obtained under actinic light at 449 μmol m–2 s–1.

Results

Structure of green spots on corolla

The breeding line ‘Bzc-1’, a typical Japanese gentian (producing flowers with a blue corolla

and green spots), was selected as the study material (Fig 1A and 1B). ‘Bzc-1’ bears dozens of

Fig 1. Morphology and anatomy of the corolla of Japanese gentian ‘Bzc-1’. (A) Flower morphology, (B) adaxial

surface of the corolla, (C) high-magnification image of the adaxial surface of the corolla, (D) high-magnification image

of a green spot, (E) green epidermal cells (GECs), (F) cross-section of a corolla, (G) cross-section of a green spot, (H)

cross-section of GECs. (I–L) Confocal laser micrographs of green spots. The images in (I), (J), and (K) correspond to a

Nomarski differential interference contrast image, autofluorescence, and the merged image, respectively.

Autofluorescence of GECs is shown in (L). (M) A digital microscopy image of the corolla used for SEM analysis, (N)

SEM image of the adaxial surface of the corolla, (O) SEM image of the adaxial surface of a green spot.

https://doi.org/10.1371/journal.pone.0237173.g001
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green spots per corolla. The green spots are present in the corolla lobe but not in the paracorolla.

Surface images of a green spot acquired with an opto-digital microscope are shown in Fig 1C–

1E. A green spot was composed of approximately 100 epidermal cells (Fig 1D). Furthermore,

the epidermal cells forming a green spot contained many green objects (Fig 1E). To clarify the

cell types that constituted the green spots, we prepared cross-sections of the ‘Bzc-1’ corolla and

observed that the green spots were composed solely of epidermal cells (Fig 1F). The green

objects had a granular structure approximately 5 μm in diameter (Fig 1G and 1H). Hereafter,

the epidermal cells forming a green spot are referred to as green epidermal cells (GECs).

Next, the corolla of ‘Bzc-1’ was observed using a confocal laser microscope (Fig 1I–1L).

Under 488 nm blue excitation light, the green spot emitted red autofluorescence (Fig 1J). In

contrast, epidermal cells other than GECs did not autofluoresce (Fig 1J). Hereafter, epidermal

cells other than GECs are referred to as blue epidermal cells (BECs) designated after the vivid

blue pigmentation. Observation of the GECs at higher magnification revealed that the granular

structures emitted red fluorescence (Fig 1L).

To reveal the surface structure of GECs and BECs, we next performed SEM analysis.

Recently, Bailes and Glover classified the protruding parts of epidermal cell morphology of

Vicia faba L. by perimeter shape, projection, and cell surface micromorphology [25]. According

to their classification method, perimeter shape, projection, and cell surface micromorphology

of GECs and BECs were categorized into papillose, conical and striate, respectively (Fig 1M–

1O). In addition, a green spot formed a dome-like structure. Other than the formation of a

dome, the surface structure of GECs and BECs did not differ. The physiological function of the

dome is uncharacterized to date and may be a crucial feature to elucidate the role of green spots.

GECs contain chloroplasts

Given that the green granules in the GECs were approximately 5 μm in diameter and emitted

red autofluorescence upon excitation with blue light, we speculated that the structures were

chloroplasts. However, it is generally accepted that chloroplasts are absent in epidermal cells.

Transmission electron microscopy (TEM) analysis was performed to observe the detailed struc-

ture of the green granules in GECs. Fig 2 shows TEM images of cross-sections of the ‘Bzc-1’

corolla. The GECs were elongated in shape, with vacuoles in the upper part of the cell lumen

and numerous chloroplasts observed in the lower part of the cell lumen (Fig 2A). The BECs also

were elongated in shape similar to GECs, but the cell lumen was mostly occupied by vacuoles

and contained plastids instead of chloroplasts (Fig 2B). In addition, observation of the boundary

region between GECs and BECs revealed that both cell types were clearly distinguished and no

cells of intermediate morphology were observed (Fig 2C and 2D). Fig 2E shows the chloroplast

structure of GECs. The chloroplasts contained thylakoids and developed grana, similar to the

chloroplasts typically present in the leaves of higher plants. In contrast, in the plastid of BECs,

the thylakoids were collapsed and no grana were observed (Fig 2F). In addition, the number of

plastoglobules (PGs) was higher in plastids of BECs than those of GECs (Fig 2E and 2F). Eleva-

tion in PG number and size is observed during chloroplast degradation under leaf senescence

[26]. Therefore, the plastids of BECs are not considered to be chromoplasts associated with

flower color but plastid forms after chloroplast degradation. Corolla mesophyll cells showed an

elliptic shape, and the cell lumen was almost entirely occupied by vacuoles (Fig 2G). In addition,

the plastids of corolla mesophyll cells contained larger PGs (Fig 2H).

Photosynthesis of the green spots

Next, we examined the function of the chloroplasts in GECs. Given that the size of the green

spot was quite small, photosynthetic yield of chloroplasts in GECs was determined using the
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MICROSCOPY version of an Imaging-PAM fluorometer. One to two green spots were

obtained from three independent corollas and measured at a total of five points. Under actinic

light of 449 μmol m−2 s−1, which is comparable to the photon flux density in the greenhouse

for growing ‘Bzc-1’, areas corresponding to green spots showed relatively uniform and high

FII, a parameter representing the relative yield of photosynthetic electron transport (Fig 3).

Photosynthetic activity was not detected in the parts outside of the green spots. The mean FII

was 0.50 ± 0.01 for the five green spots. This value is comparable to those of Arabidopsis thali-
ana leaves [27] or Hibiscus rosa-sinensis [28], indicating that the functioning of photosystem II

(PSII) and photosystem I (PSI) is intact in the chloroplasts in GECs.

If these chloroplasts are active in photosynthesis, carbon dioxide should be taken up from

the atmosphere into chloroplasts. We observed that stomata were present on the abaxial sur-

face of the corolla but not on the adaxial surface (Fig 4). These results supported the conclusion

that the green spots of the ‘Bzc-1’ corolla are photosynthetically active.

Chloroplast development and degradation in corolla

The results thus far revealed that the green spots on the ‘Bzc-1’ corolla were composed of

GECs containing functional chloroplasts. It is widely accepted that chloroplasts are absent in

epidermal cells except for guard cells in plant leaves. No chloroplasts were observed in epider-

mal cells of ‘Bzc-1’ leaves (S2 Fig), implying that green spots are formed in the epidermis of the

corolla in developing buds after the plant switches from vegetative to reproductive growth. To

determine when green spots develop in the ‘Bzc-1’ corolla, the floral bud epidermis at three

developmental stages (stages 1, 2, and 3) was observed (Fig 5A). Stage 3 buds possessed well-

developed green spots, whereas stage 1 buds showed no green spots. Stage 2 buds had develop-

ing green spots consisting of approximately 10 GECs. This observation revealed that green

spots developed during bud growth and arose independently of each other.

Fig 2. Transmission electron micrographs of the corolla of Japanese gentian ‘Bzc-1’. (A) Cross-section of green epidermal cells

(GECs; upper side) and corolla mesophyll cells (lower side), (B) cross-section of blue epidermal cells (BECs) and corolla mesophyll cells,

(C, D) cross-section of GECs and BECs. The letters G and B denote GEC and BEC, respectively. Black arrows indicate the boundary

between GECs and BECs. (E) Chloroplasts in GECs, (F) plastids in BECs, (G) cross-section of corolla mesophyll cells, (H) plastids in a

corolla mesophyll cell.

https://doi.org/10.1371/journal.pone.0237173.g002
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In stage 3 buds, we detected chlorophyll autofluorescence not only in green spots but also

in surrounding epidermal cells (Fig 5B). The size of granules emitting chlorophyll autofluores-

cence observed in the surrounding epidermal cells was distinctly smaller than GEC chloro-

plasts. In Arabidopsis thaliana, chloroplasts in the corolla are converted to leucoplasts during

corolla development [29]. Therefore, during bud development, it is suggested that chloroplast

degradation is promoted in epidermal cells except GECs. No chlorophyll fluorescence was

observed in BECs (Fig 1J), suggesting that chloroplast degradation was completed in the

corolla of fully opened flowers. In addition, we observed chloroplasts in mesophyll cells of

stage 3 buds (S2 Fig). Given that chloroplasts are not observed in the corolla mesophyll cells of

a fully opened flower (Figs 1E and 2G), it is suggested that these chloroplasts are degraded dur-

ing development from the bud to anthesis.

Discussion

In the present study, we revealed that green spots on the ‘Bzc-1’ corolla have functional chloro-

plasts and perform photosynthesis (Figs 2 and 3). Interestingly, the greens spots were com-

posed of only epidermal cells (Figs 1 and 2). Furthermore, we observed that the ‘Bzc-1’ corolla

bears stomata on the abaxial surface (i.e., the opposite surface to that of the green spots) (Fig

4). In leaves, stomata are involved not only in gas exchange with the atmosphere during

Fig 3. Pseudo-color image of photosynthetic yield of the Japanese gentian ‘Bzc-1’ corolla.FII of green spots and

neighboring cells was determined under actinic light of 449 μmol photons m−2 s−1 at room temperature and is shown

as a pseudo-color image.

https://doi.org/10.1371/journal.pone.0237173.g003
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photosynthesis, but also play a role in lowering the leaf temperature that has risen owing to

strong sunlight during transpiration. Previous studies have been conducted on stomata in

corollas, focusing on transpiration [30, 31], but to our knowledge no information on photo-

synthesis is available. The presence of stomata in the ‘Bzc-1’ corolla is suggested to aid in

the continued photosynthesis of the green spots. The green spots develop during floral bud

growth (Fig 5). The corolla contains two types of epidermal cells: GECs that develop and

maintain chloroplasts, and BECs in which chloroplasts are degraded. These findings are appar-

ently unique and Japanese gentian may prove to be ideal material for studying plastid

dedifferentiation.

It is an unusual phenomenon that functional chloroplasts are formed and maintained in

epidermal cells. In contrast to gentian, green-flowered chrysanthemum (Chrysanthemummor-
ifolium) accumulated chloroplasts in mesophyll cells but not in epidermal cells (S3 Fig). It is

proposed that green-flowered mutants, such as the green-flowered chrysanthemum, if they

arose in nature, may soon disappear because the green flower trait is undesirable for reproduc-

tion [32]. However, green spots are considered to perform a function because they are often

present in wild-type gentian flowers of various Gentiana species [3, 33] and are independent of

the corolla color (S1 Fig). Previous studies have noted the existence of chloroplasts in the epi-

dermal pavement cells of Arabidopsis thaliana [34–37]. However, the chloroplasts described in

these studies are smaller than mesophyll chloroplasts, indicating that these chloroplasts are not

equivalent to GEC chloroplasts.

Fig 4. Morphology and distribution of stomata in the corolla of Japanese gentian ‘Bzc-1’. Images of the adaxial and

abaxial surfaces of the corolla were acquired using an opto-digital microscope (upper panels) and scanning electron

microscope (lower panels).

https://doi.org/10.1371/journal.pone.0237173.g004
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Generally, the energy that supports plant life is provided by photosynthesis in the leaves

[38]. On the other hand, it has been reported that photosynthesis performed in tissues other

than leaves, in green non-leaf organs (e.g., wheat ear, sycamore seed pods, tomato fruit, straw-

berry fruit, greengage, cherries and apples), contributes to yield [39]. One possibility is that

green spots on the corolla of Japanese gentian contribute to extension of the flower life. How-

ever, because the area of green spots on the corolla is small, their importance as a site for

energy production must be considered with caution.

An additional possibility is to consider the biological function of the green spots as a floral

pattern. It is widely accepted that flower patterns, including spots, act as a nectar guide to

Fig 5. Developmental process of green spots in floral buds of Japanese gentian ‘Bzc-1’. (A) Developmental status of

green spots in floral buds at three developmental stages. (B) Chlorophyll autofluorescence from the green spot and

epidermal cells of buds (stage 3).

https://doi.org/10.1371/journal.pone.0237173.g005
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attract pollinators [40–42]. In Asiatic hybrid lilies and Clarkia gracilis, anthocyanin accumula-

tion is regulated to form splatter-type spots and sector-type spots, respectively [21, 22]. How-

ever, it must be taken into account that the green spots of Japanese gentian are dependent on

chlorophyll and show different optical properties from spots composed of anthocyanins. Swer-
tia bimaculata, a member of the Gentianaceae, uses nectaries of a flat, yellow-green, spot-like

form located in the middle of the corolla lobe to attract pollinators [23]. However, compared

with the green spots of Japanese gentian, the nectaries of S. bimaculata are relatively large, few

in number (two per corolla lobe), and their location is limited. Therefore, it is unlikely that

green spots of Japanese gentians serve the same function. A field investigation is required to

evaluate the function of the green spots of Japanese gentians in pollination, e.g., as a possible

guide to attract pollinators.

The color of the green spots is derived from chlorophyll. Chlorophyll has a photosensitizing

effect, thus it requires a functional chloroplast for safe accumulation. In Japanese gentian, the

GECs possessed functional chloroplasts (Figs 2A, 2E and 3). In leaves, two transcription factor

families, namely the GATA NITRATE-INDUCIBLE CARBON-METABOLISM-INVOLVED

(GNC) family and the GOLDEN TWO-LIKE (GLK) family, play a central role in chloroplast

development [43]. In chrysanthemum, expression levels of genes encoding critical enzymes (glu-

tamyl-tRNA reductase, Mg-protoporphyrin IX chelatase, Mg-protoporphyrin IX monomethyles-

ter cyclase, and protochlorophyllide oxidoreductase) for chlorophyll synthesis are strongly

correlated with chlorophyll content and flower color [44]. Analysis of the expression profiles of

these genes in gentian is required in a future study. Elucidation of the regulatory mechanism of

plastid differentiation in GECs and BECs is predicted to reveal a novel regulatory system for plas-

tid differentiation. The master regulator of chloroplast development in corolla will be useful for

development of molecular markers for green spots in Japanese gentian in the future.

Supporting information

S1 Fig. Flower variation of Japanese gentian cultivated at the Iwate Agricultural Research

Center.

(TIF)

S2 Fig. Morphology of Japanese gentian ‘Bzc-1’. (A) Plant morphology of ‘Bzc-1’ grown in a

pot in the greenhouse. (B) Cross-sections of a leaf and a floral bud.

(TIF)

S3 Fig. Morphology (left panel) and cross-section (right panel) of the corolla of green-flow-

ered chrysanthemum (Chrysanthemummorifolium). Cut flowers of green-flowered chrysan-

themum were purchased from a local market.

(TIF)
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