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Abstract Gibberellins (GAs) were identified and quan-

tified during flower and fruit development in the Christmas

rose (Helleborus niger L.), a native of southeastern Europe

with a long international horticultural tradition. Physio-

logically, the plant differs from popular model species in

two major respects: (1) following anthesis, the initially

white or rose perianth (formed in this species by the sepals)

turns green and persists until fruit ripening, and (2) the seed

is shed with an immature embryo, a miniature endosperm,

and a prominent perisperm as the main storage tissue. GA1

and GA4 were identified by full-scan mass spectra as the

major bioactive GAs in sepals and fruit. LC-MS/MS sys-

tem in accord with previously verified protocols also

afforded analytical data on 12 precursors and metabolites

of GAs. In the fruit, GA4 peaked during rapid pericarp

growth and embryo development and GA1 peaked during

the subsequent period of rapid nutrient accumulation in the

seeds and continued pericarp enlargement. In the sepals,

the flux through the GA biosynthetic pathway was highest

prior to the light green stage when the photosynthetic

system was induced. Unfertilized, depistillated, and

deseeded flowers became less green than the seed-bearing

controls; chlorophyll accumulation could be restored by

applying GA1, GA4, and, less efficiently, GA3 to the

deseeded fruit. The sepals of unfertilized and depistillated

flowers indeed contained very low levels of GA4 and

gradually decreasing levels of GA1. However, the con-

centrations of their precursors and metabolites were less

affected. These data suggest that a signal(s) from the fruit

stimulates GA biosynthesis in the sepals resulting in

greening. The fruit-derived GAs appear to be mainly

involved in pericarp growth and seed development.
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Introduction

Except for the model plant Arabidopsis thaliana, studies on

the metabolism and mode of action of gibberellins (GAs)

(Hedden and Kamiya 1997; Hedden and others 2002;
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MacMillan 2002; Sponsel and Hedden 2004; Yamaguchi

2008) have been focused mostly on crop species to

improve performance and yields (Hedden and Phillips

2000; Hedden 2003). Ornamentals have been treated with

exogenous GAs to improve marketability (Halevy 1986),

and growth retardants have been applied to manipulate GA

biosynthesis and plant size (Rademacher 2000), but

endogenous GA physiology has received little attention

(Greyson and Tepfer 1967; Greyson and Raman 1975;

Weiss and others 1995). This is unfortunate because

understanding the biochemical background of an aestheti-

cally or economically important trait will help to minimize

the input necessary to make an ornamental perform to

market requirements.

The role of GAs in reproductive development (Pharis

and King 1985) has been explored in species such as pea

(Rodrigo and others 1997; Swain and others 1997; Ozga

and Reinecke 2003; Ozga and others 2003), tomato (Rebers

and others 1999), tobacco (Itoh and others 1999), rice

(Kaneko and others 2003), and Arabidopsis thaliana (Fei

and others 2004; Hu and others 2008). Work with male-

sterile mutants (reviewed by Sawhney and Shukla 1994)

and gene expression studies identified the tapetum and

pollen grains in the anthers as a major source of GAs

directing early flower development (Itoh and others 1999;

Kaneko and others 2003). Particularly detailed experiments

in Arabidopsis (Hu and others 2008) related flower and

fruit development to the differential expression of the four

genes of GA 3-oxidase that exist in this species.

Here we investigate flower and fruit development in the

Christmas rose (Helleborus niger L.) which has been

classified as a basic dicot (Finch-Savage and Leubner-

Metzger 2006) by taxonomists. The genus Helleborus

comprises about 20 species of Old World perennials with

large (3 cm and above), showy spring flowers in various

shades of purple, green, and white (Schiffner 1891; Dam-

boldt and Zimmermann 1965; Mathew 1989). Both the

original species and the hybrid cultivars are becoming

increasingly popular as ornamentals (Burrell and Tyler

2006). Most of them retain the perianth (formed in this

species by the sepals) until seed ripening, with its color

usually changing to a greenish hue. H. niger has an

exceptionally long flowering period (2-6 months starting

around Christmas) and particularly large flowers (6–

13 cm), which change color from white to intensely green,

both mixed with purple in sun-exposed locations (Salopek-

Sondi and Magnus 2007). The accumulation of chlorophyll

in the perianth is linked to the presence of developing fruit,

which makes the fertilized Christmas rose flower an

interesting model for the induction of photosynthetic

activity by an assimilate requiring ‘‘sink’’ tissue. The

greening process in the perianth of unfertilized or depis-

tillated flowers stalls at an early stage but could be

stimulated to completion by treating the sepals with gib-

berellins and cytokinins (Salopek-Sondi and others 2002).

Here we show that sepal greening can be induced by

applying GA1, GA3, or GA4 to the deseeded ovaries. GA1

and GA4 were also identified as the major physiologically

active, endogenous GAs in the ovaries and other floral

tissues. Their levels, along with those of their precursors

and catabolites, were quantified in different floral tissues

and fruit at different stages of development and in depis-

tillated and unfertilized flowers. Their concentration

dynamics are discussed in terms of sepal greening and

pericarp and seed development.

Materials and Methods

Plant Material

Flowers of the Christmas rose (Helleborus niger L. ssp.

niger sensu B. Mathew 1989) were collected at two loca-

tions in four different growth seasons. Habitat 1 was a

natural mountain forest at Gorski kotar, Croatia (altitude:

800 m, dominant tree species: Abies alba Mill., Fagus

silvatica L., Picea abies L.). Habitat 2 was a woodlot in the

botanical garden of the Faculty of Pharmacy and Bio-

chemistry of the University of Zagreb. The material col-

lected to gain insight into GA dynamics during the whole

life cycle of a Christmas rose flower is listed in Table 1 and

comprises a series of six developmental stages sampled in

2008 and replicates for most of these stages from 2002,

2003, or 2004 (all samples from habitat 1). Two stages of

anthesis were recognized. After bud opening, the (prot-

erogynous) flowers first passed through their ‘Female’

phase, during which the stigmas were receptive, while the

immature anthers were arranged in a ring at the base of the

carpels. The ‘Male’ phase began with the elongation of the

filaments and ended with anther abscission. Developing

fruits were sampled at four stages that were distinguished

by the degree of chlorophyll accumulation in the sepals

(which persisted until fruit maturity): ‘Light green’ (the

first greenish tinge), ‘Green’ (greening well advanced),

‘Half ripe’ (seeds half ripe, sepal greening reaching a sta-

tionary level), and ‘Almost ripe’ (seeds almost ripe, sepals

at the approximate end of the stationary phase after which

chlorophyll levels started to decline). To define the

developmental stages sampled in a more quantitative

fashion, they were also characterized by the weights of the

sepals and the pistils or the developing fruit, by fruit

lengths, and by chlorophyll meter readings (Table 1).

Unfertilized flowers were harvested in habitat 1, fol-

lowing weather conditions that excluded pollinating insects

during the period of stigma receptivity. They were also

‘‘produced’’ (habitat 2) by enclosing emasculated flowers
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in sacks of gauze to prevent cross-pollination. In depistil-

lated flowers, pistils and anthers were surgically removed

shortly before bud opening.

In the flowers collected for hormone analysis, the sepals

were separated from the cluster of pistils or developing

fruit (follicles), and the stamens and nectaries were dis-

carded. Some nearly ripe fruits were separated into seeds

and pericarps. The plant material was stored at -80�C. The

samples selected for GA analysis were freeze-dried and

ground to a powder to facilitate shipping.

Microscopy

Paraplast-embedded material was prepared according to

Ruzin (1999). Carpels with seeds were collected, fixed

immediately in FAA (50% ethanol, 10% formalin, 5%

glacial acetic acid) overnight (16 h) at 4�C, processed

through a dehydration series of ethanol and xylene,

embedded in paraplast (Fluka), and then sectioned with a

rotary microtome (Leica RM 2255). The 7-lm-thick sec-

tions were deparaffinized, rehydrated, and stained with

hematoxylin. The sections were observed under an Olym-

pus BX51 light microscope.

For histological and ultrastructural studies, tissue was

fixed in 2% glutaraldehyde in 0.05 M cacodylate buffer

(pH 7.2) for 30 min at 4�C, and postfixed in 1% osmium

tetroxide in the same buffer for 1 h at 4�C. After dehy-

dration in a graded series of ethanol, the tissue was

embedded in Spurr’s resin. Semithin sections (1 lm thick)

of the tissue were stained with a mixture of 2% toluidine

blue and 2% borax (1:1) and examined using an Olympus

BX51 light microscope. Ultrathin sections were stained

with uranyl acetate and lead citrate, and examined using a

Zeiss EM10A electron microscope (operating at 60 kV

accelerating voltage).

GA Treatment of Cut Christmas Rose Flowers

Christmas rose flowers in the ‘Male’ phase of anthesis were

harvested in habitat 1 by cutting their scapes at ground

level. They were supplied with distilled water as needed

and kept at 5�C (which is around the average temperature

at which the flowers develop under natural conditions),

under fluorescent light (* 40 lmol m-2 s-1 PAR), at a

day/night cycle of 10/14 h. The top 0.5 mm of the ovaries,

and the attached styles and stigmas were removed, and the

Table 1 Developmental stages of Christmas rose flowers used for quantitative GA analysis

Developmental stage Pistil/fruit clustera Periantha

FW (g) DW (g) Lengthb (mm) FW (g) DW (g) Chlorophyll

meter reading

‘Female’ phase, 2008 0.12 0.016 Body: 10 0.81 0.081 0.9

Beak: 8

‘Female’ phase, 2003 0.17 0.027 ndc 1.01 0.131 0.9

‘Male’ phase, 2008 0.24 0.032 Body: 11 1.64 0.181 0.9

Beak: 10

‘Male’ phase, 2004 0.23 0.033 ndc 1.76 0.176 0.9

‘Light green,’ 2008 0.58 0.080 Body: 15 1.45 0.193 1.9

Beak: 10

‘Light green,’ 2002 0.75 0.130 Body: 16 1.33 0.201 ndc

Beak: 11

‘Green,’ 2008 1.08 0.158 Body: 17 1.43 0.205 3.0

Beak: 11

‘Half ripe,’ 2008 2.56 0.321 Body: 25 1.23 0.208 4.1

Beak: 13

‘Half ripe,’ 2002 3.47 0.471 Body: 26 1.39 0.187 ndc

Beak: 13

‘Almost ripe,’ 2008 3.83 0.589 Body: 27 1.22 0.186 4.1

Beak: 13

a The FW and DW values refer to the pistil/fruit cluster, and the entire perianth (all sepals taken together) of a single flower. The values are

averages of FW and DW from 6 to 23 flowers
b The body of the pistils/fruit corresponds to the main part of the ovary containing the ovules/seeds. The beak is the very top of the ovary

narrowing into the style and the stigma
c Not specifically determined; the values may be assumed to be similar to those for the 2008 samples
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ovules were extracted using a Kerr dental needle. Cotton

plugs were inserted into the cavities of the ovaries and

immediately moistened with 30 ll of water. Aqueous

solutions (30 ll per cluster of ovaries) containing GA1,

GA3, or GA4 (20, 50, or 100 lM) were then applied daily

for 40 days. Distilled water was used in the controls. Fer-

tilized cut flowers that received no hormone treatment were

also kept under the same conditions. Sepal greening was

monitored in situ using a Chlorophyll Content Meter

(CCM-200, Opti-Sciences, Inc., Hudson, NH, USA) which

afforded chlorophyll levels in arbitrary units based on the

difference of the absorbances at 600-700 nm (attributed to

chlorophyll a ? b) and at 900-1000 nm (attributed to light

scattering by cell structures and nonspecific absorbance).

Measurements were made for each sepal separately in its

subterminal part. Evaluations were based on the mean

chlorophyll levels of the three greenest adjacent sepals.

The number of flower replicates included in the treatments

varied depending on availability and is stated in the

descriptions of the individual experiments.

Analysis of Endogenous GAs

To assess the dynamics of the GA status during the peri-

anth and fruit development of the Christmas rose, endog-

enous GA levels (precursors, bioactive GAs, and their

catabolites) were determined in the different tissues by LC-

MS/MS [consisting of a quadrupole/time-of-flight tandem

mass spectrometer (Q-Tof Premier; Waters, Milford, MA,

USA) and an Acquity Ultra Performance Liquid Chroma-

tography (Waters) equipped with a reversed-phase column

(Acquity UPLC BEH-C18; Waters)] using 2H2-labeled

GAs as internal standards, as described previously (Var-

banova and others 2007). Briefly, the lyophilized tissues

(200 mg DW per sample) were homogenized with 80%

acetone (5 ml/100 mg DW), and 500 pg of each [17,

17-2H2]GA was added to each extract. The acetone extract

was incubated at -20�C for about 12 h, filtered through a

Bond Elut reservoir (Varian, Palo Alto, CA, USA), and

then evaporated to dryness. The extract residue was dis-

solved in 4 ml of 50% aqueous acetonitrile and partitioned

three times against n-hexane (2 ml). The aqueous phase

was evaporated to complete dryness. The residue was

dissolved in 1 M potassium phosphate buffer (1 ml), loa-

ded onto a Bond Elut reservoir, which had a head of about

3 ml of insoluble polyvinylpyrrolidone suspended in water,

and then eluted with 1 M potassium phosphate buffer. The

pH of this eluate was adjusted to 3 with 6 N HCl loaded

onto a reversed phase cartridge (Oasis HLB, 60 mg;

Waters), which was preconditioned with 100% acetonitrile

followed by 2% aqueous formic acid. The column was then

washed with 2% aqueous formic acid and eluted with 80%

acetonitrile containing 1% formic acid. The eluate was

dried completely using a Speedvac concentrator, dissolved

in methanol, and loaded onto an ion-exchange column

(Bond Elut DEA, 500 mg; Varian), which was then washed

with 100% methanol before elution of the GAs with

methanol containing 0.5% acetic acid. The eluate was

evaporated to dryness. The residue was dissolved in chlo-

roform:ethylacetate (1:1 v/v) containing 1% acetic acid,

loaded onto a Bond Elut SI cartridge (100 mg; Varian),

preconditioned with ethyl acetate and chloroform:ethyl-

acetate (1:1 v/v) containing 1% acetic acid, and eluted with

chloroform:ethylacetate (1:1 v/v) containing 1% acetic

acid. The GA-containing eluate was evaporated and the

residue was dissolved in 20 ll of 2% aqueous formic acid

prior to LC-MS/MS analysis.

The samples were eluted at 200 ll min-1 using the

following linear gradient of water (solvent A) and aceto-

nitrile containing 0.05% acetic acid (v/v) (solvent B): 3%

solvent B for 0.1 min, gradient to 65% solvent B in 20 min,

and isocratic 98% solvent B for 2 min. GAs were identified

by comparing the LC retention times, and the MS/MS

prominent ions (both molecular and fragment ions) of the

endogenous GAs with their respective internal standards.

Endogenous GA levels were calculated by generating cal-

ibration curves from serially diluted unlabeled GAs against

fixed concentrations of 2H-labeled GAs.

Results and Discussion

Flower and Fruit Development

Depending on the weather (mainly temperature and snow

cover), the life cycle of a Christmas rose flower takes from

about 2 to almost 6 months. Rather than by a time scale,

the developmental stages used for endogenous GAs levels

analyses were thus classified by morphological character-

istics, as shown in Table 1. Bud opening is followed by a

period during which only the pistils are receptive (‘Female’

phase). Depending on ambient temperatures, the anthers

usually mature 1-2 weeks later (‘Male’ phase), ideally after

cross-pollination has been accomplished. In the fruit, a

‘‘body’’ and a ‘‘beak’’ could be distinguished (Table 1;

Fig. 1A, C). The former arose from the main (lower) part

of the ovary and contained the seeds. Its length increased

about threefold during ripening. The beak is formed from

the narrowing tip of the ovary, the style, and the stigma. Its

length approximately doubled during ripening. Overall

fruit growth proceeded in concert with sepal greening.

Most fresh weight (FW) and dry weight (DW) accumula-

tion in the fruit (6- to 7-fold from the ‘Light Green’ to the

‘Almost Ripe’ stage; Table 1) occurred when chlorophyll

accumulation in the sepals was well advanced.
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The histological, ultrastructural, and biochemical changes

in the greening sepals have already been described in detail

(Salopek-Sondi and others 2000, 2002). In brief, during

anthesis, only the guard cells contain chloroplasts, resulting

in overall chlorophyll levels below 1 lg g FW-1. After

fertilization, chloroplasts develop in the entire sepal,

apparently by metamorphosis of leucoplasts. The ‘Light

Green’ and ‘Almost Ripe’ stages in Table 1 correspond to

chlorophyll levels of 50 and 350 lg g FW-1. The meta-

morphosis of the sepals includes growth based on cell

enlargement accompanied by substantial expansion of

intercellular spaces (Salopek-Sondi and others 2002). The

differences in sepal weight beyond the ‘Green’ phase

(Table 1) reflect interindividual variability in the source

population.

Selected stages of seed development are shown in

Fig. 2. While the stigmas were receptive (‘Female’ phase)

(Fig. 2A, C), the ovule was still differentiating; the embryo

sac with egg apparatus became clearly visible while the

flower was morphologically in its ‘Male’ phase (Fig. 2B,

D, E, F). After fertilization, embryo development pro-

ceeded to reach the heart stage when the seeds were about

half ripe (Fig. 2G). Even at seed ripening (Fig. 2H), the

embryo was only in an early cotyledonary stage (Tar-

kowski and others 2006). About 3 months of after-ripening

at room temperature and 2 months at 4�C were required for

the embryos to differentiate clearly into cotyledons and

hypocotyl-radicle (Fig. 2I), thus enabling the seeds to

germinate.

GA Effects in Deseeded Flowers

We previously induced an in planta greening response in

the perianths of depistillated Christmas rose flowers by

applying GA-containing lanolin pastes to the sepals (Sa-

lopek-Sondi and others 2002). To test for possible GA

transport from the developing fruit to the sepals, the ova-

ries were opened at their tips and the ovules were replaced

by cotton plugs which were moistened daily with a GA

solution or with water as a control. To exclude interference

by signaling compounds imported from the mother plant,

the flowers were separated from the latter and kept in

distilled water at 5�C under fluorescent light. In general,

cut Christmas rose flowers survived for extraordinarily

long periods of time under these conditions, depending on

the stage at which they were picked and on the experi-

mental treatment they received. For instance, a flower

depistillated at the bud stage showed no obvious signs of

senescence for more than 6 months.

An initial deseeding experiment was started at the end of

the ‘Male’ phase of anthesis (plant material collected in

habitat 1), when the anthers had just abscised and the

sepals were still white. The treatments included (1) 50 lM

GA3 (n = 5) and (2) water (n = 10). A set of intact cut

flowers was kept for comparison, but only some (n = 3)

proved to be fully fertilized, as judged by the growth rates

of the follicles (fertilized flowers were not clearly recog-

nizable at the end of the ‘Male’ phase, when the plant

material for the experiment was collected). The response

for four typical examples after 30 days of treatment is

shown in Fig. 1. The mean chlorophyll meter readings for

the three greenest adjacent sepals at the time when the

photographs were taken were 3.4 ± 0.3 for the cut fertil-

ized flowers (Fig. 1A), 2.1 ± 0.5 for the unfertilized ones

(Fig. 1C), 3.6 ± 0.3 for the deseeded GA3-treated ones

(Fig. 1B), and 2.0 ± 0.2 for the deseeded water controls

(Fig. 1D). A set of 12 green flowers freshly collected at

habitat 1, at about the same time, gave a mean chlorophyll

meter reading of 3.3 ± 0.2. GA3 application to the desee-

ded follicles could thus replace the effect of developing

seeds on sepal greening (Fig. 1A, B).

A more detailed deseeding experiment was started in

the ‘Male’ phase of anthesis (plant material collected in

Fig. 1 Effect of deseeding and hormone treatment on sepal greening.

At the end of the male phase of anthesis, the tops of the pistils were

cut off and the (possibly fertilized) ovules were removed. Cotton

plugs were inserted in their place and moistened daily with 30 ll of

50 lM GA3 (B) or with the same volume of water (D). For

comparison, a flower with normally developing fruit is shown in panel

A and an unfertilized flower in panel C. All four flowers were

collected (and deseeded if applicable) on the same day and kept with

their scapes in distilled water, at ?5�C, under fluorescent light. The

photographs were taken after 30 days of treatment

198 J Plant Growth Regul (2010) 29:194–209
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habitat 1), when the anthers were still viable. The hormone

treatments included GA1, GA3, and GA4 at concentrations

of 20, 50, and 100 lM. As shown in Fig. 3, the response to

GA1 and GA4 was approximately the same at all three

concentrations tested, increasing in a near-linear fashion

for the first 20 days and then starting to level off. At

20 lM, the effect of GA3 was barely distinguishable from

the water control; at 100 lM, all three GAs induced about

the same greening response. The latter response in desee-

ded GA-treated flowers resulted in chlorophyll meter

readings as high as 2.7, which is only slightly below the

level found in seed-bearing flowers from habitat 1 of about

the same age (3.3 ± 0.2).

At the cellular level, the observed differences in chlo-

rophyll accumulation were reflected by chloroplast abun-

dance and morphology. Typical electron micrographs are

shown in Fig. 4. In deseeded flowers treated with 50 lM

GA3 (Fig. 4B) for 30 days, the sepals contained the same

kind of lens-shaped chloroplasts as in intact flowers in their

‘Green’ stage (Fig. 4A) collected at habitat 1; the system of

grana thylakoids was even slightly better developed. The

other GA treatments tested (except for treatment with

20 lM GA3, whose effect resembled the control) had a

similar effect (data not shown). Although strictly quanti-

tative comparisons were not attempted, chloroplasts were

obviously less abundant in water-treated deseeded flowers.

Fig. 2 Approximately median longitudinal sections through fruit

(multiovular carpels), ovules, and seeds of Helleborus niger L.

(Ranunculaceae) at different developmental stages. A Part of a carpel

in the ‘Female’ phase. B Part of a carpel in the ‘Male’ phase. C Ovule

in the ‘Female’ phase showing the nucellus without embryo sac. D
Ovule in the ‘Male’ phase showing the nucellus containing the young

embryo sac. E Same stage as D, enlarged view of the egg apparatus

(arrow points to micropyle). F Same stage as D, enlarged view of the

definitive nucleus (formed after conjugation of the polar nuclei). G
Partial view of half ripe seed showing a small embryo at the heart

stage, enclosed in a small cellular endosperm, all embedded in the

large nucellus which is to become the main storage tissue (perisperm).

H Hand-free section of a ripe seed with underdeveloped embryo

(early cotyledonary stage) at its upper tip. I Seed with embryo

differentiated into cotyledon and hypocotyl-radicle after 5 months of

after-ripening (see text for details). Scale bars: A, B, H, I = 1000 lm,

C, D, E, F, G = 200 lm. dn, definitive nucleus; e, embryo; en,

endosperm; es, embryo sac; i, integuments; n, nucellus; ne, nucellar

epidermis
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Also, these chloroplasts were more flat and the thylakoid

system was less abundant (Fig. 4C), all in accord with the

interpretation that the greening process [previously shown

to involve the metamorphosis of leucoplasts into chloro-

plasts (Salopek-Sondi and others 2000)] had stopped at an

early stage due to the lack of one or more signaling com-

pound(s) normally supplied by the developing seeds.

GAs also stimulated chlorophyll formation in other

experimental systems such as regreening orange fruit

(Coggins and others 1960) and dormant cocklebur cotyle-

dons (Esashi and others 1977), and arrested chlorophyll

loss, for instance, in detached lettuce leaves (Aharoni and

Richmond 1978) and Alstroemeria shoots (van Doorn and

van Lieburg 1993; Kappers and others 1998), apparently by

promoting the expression of protochlorophyllide oxidore-

ductases that catalyze the key step in chlorophyll biosyn-

thesis (Kuroda and others 1996), and by suppressing

chlorophyllase formation (Trebitsh and others 1993).

Identification of Endogenous GA1 and GA4

Because GA1 and GA4 were equally effective (and more

effective than GA3) in inducing and maintaining sepal

greening in deseeded Christmas rose flowers, they were

suspected to play endogenous developmental roles. Indeed,

the identity and presence of GA1 and GA4 in both the

sepals and the developing fruit were confirmed by LC-MS/

MS. This involved full scanning and monitoring of the

fragments derived from the parental pseudomolecular ions

Fig. 3 Greening response of deseeded Christmas rose flowers treated

with aqueous solutions of GA1 (black squares), GA3 (black triangles),

or GA4 (black diamonds), or with water (plain circles). The GA

concentrations were 20 lM (A), 50 lM (B), and 100 lM (C)

Fig. 4 Electron micrographs of mesophyll chloroplasts from the

sepals of (A) a flower in the ‘Green’ stage collected at its natural

habitat, (B) a deseeded flower treated with 50 lM GA3 as described

in the Materials and Methods section, and (C) a deseeded flower

treated with water as a control. Scale bars = 1 lm
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([M - H]-). The major fragmentation pathways appear to be

based on successive elimination of H2O, CO2, and

CH3CH = C=O (methylketene). The full mass spectra are

shown in Supplementary Figs. S1 and S2. The identities of

a number of prominent fragment ions are listed in Sup-

plementary Table S1. Thus, in H. niger, both the non-13-

hydroxylation (leading to GA4) and the early 13-hydrox-

ylation (leading to GA1) GA biosynthesis pathways appear

to be functional (Fig. 5). Comparable order-of-magnitude

levels of GA1 and GA4 (MacMillan 2002) were also

observed in immature bean seeds (Yamane and others

1977) and, specifically, in the suspensors isolated from

such bean seeds (Picciarelli and Alpi 1986), somatic cell

embryos of carrot and anise (Noma and others 1979, 1982),

and pollinated and unpollinated walnut ovaries (Tadeo and

others 1994).

GA Dynamics in Pistils and Developing Fruit

In addition to endogenous GA1 and GA4, a number of their

precursors and catabolites that are reported to occur in the

GA metabolic pathways of different plant species (Fig. 5;

Yamaguchi 2008) were quantified. The identity of these

GAs in Christmas rose tissues was verified by full-scan LC-

MS/MS (data not shown), and then prominent molecular

and fragment ions were selected for 2H-isotope dilution

based quantification (Varbanova and others 2007; Hu and

others 2008). The results for fruit and sepals of the

Christmas rose are presented in Figs. 6 and 7 for the data

from the 2008 growth season. The data for different growth

seasons (Supplementary Tables S2 and S3) generally

showed the same tendencies. Strict numerical agreement

might not be expected because (1) the developmental

stages could be defined only by morphological parameters

that, in some cases, changed more slowly than GA patterns,

and (2) in flowers collected outdoors, development was

dependent on environmental factors such as temperature,

rainfall, light quality, and photoperiod, all of which are

known to influence GA biosynthesis (Yamaguchi 2008).

The GA4 level in developing fruit rose to a broad

maximum, peaking when sepal greening was complete

(‘Green’ stage), at a concentration about 100 times above

that in the pistils in their ‘Female’ phase (Fig. 6). This

pattern overlaps with rapid pericarp growth (Table 1;

Tarkowski and others 2006) and embryo and endosperm

differentiation, which passes through its initial stages

during the ‘Light Green’ phase to yield, at seed maturation,

a miniature embryo in its early cotyledonary stage,

enclosed in a just slightly larger endosperm, all enveloped

by a prominent perisperm as the major storage tissue

(Niimi and others 2006; Tarkowski and others 2006).

Bioactive GAs accumulate during rapid pericarp growth

(pea; Rodrigo and others 1997) and during early embryo

and endosperm growth (Pharis and King 1985; Rodrigo and

others 1997; Yamaguchi 2008). Particularly detailed in

vitro studies in carrot and anise (Noma and others 1979,

1982; Mitsuhashi and others 2003) indicated increased

GA4 biosynthesis during the differentiation of somatic

embryos. Developing Helleborus embryos pass through a

similar sequence of stages. Inspection of the overall pattern

of the occurrence of non-13-hydroxylated GAs in Christ-

mas rose fruit (Fig. 6) suggests a regulatory role for tran-

sient activation of GA 20-oxidase(s) (GA9 increases), GA

3-oxidase(s) (GA4 increases), and a specific GA 2-oxidase

for the catabolism of GA4 to GA34. The peak in GA4 level

at the ‘Green’ stage (51 ng g DW-1) was accompanied by

that of its immediate precursor, GA9, in concert with a

large drop in the concentration of the GA9 catabolite GA51.

The levels of the upstream precursors GA12, GA15, and

GA24 passed through minor transient peaks when GA4

started to decrease (‘Half ripe’ stage). A large flux through

GA4 to GA34 is indicated during this stage since the levels

of the catabolite GA34 increased up to 169 ng g DW-1

(Fig. 6A).

The early 13-hydroxylation pathway to bioactive GA1

showed a different profile, with GA1 low from the ‘Female’

to the ‘Light green’ stages, but peaking at 17 ng g DW-1 by

the ‘Half ripe’ stage when the fruit was rapidly increasing in

weight (Table 1; Fig. 6B). During later phases of fruit

development, it is likely that the bioactive GA1 and GA4 are

involved in pericarp growth and early seed development,

similar to that observed during pea fruit development

(Rodrigo and others 1997; Ozga and others 2009).

For quantitative data for the GA distribution between

these two fruit compartments, we analyzed a sample col-

lected at habitat 2 at the late ‘Almost ripe’ stage, about a

week beyond the time span covered by Figs. 6 and 7. The

results are shown in Fig. 8. Interestingly, the pericarps

contained about six times more GA1 than the seeds,

whereas the GA4 concentrations were equivalent in both

tissues. Pericarps had high levels of the GA4 catabolite

GA34, indicating high flux through GA4 during earlier

developmental stages, whereas seeds and pericarps had

significant levels of GA8, indicating that both tissues had

GA1-synthesizing activity with subsequent catabolism.

Measuring the GA profiles in seeds and pericarps at earlier

stages of development will help clarify tissue localization

of the transient GA1 and GA4 peaks observed in the fruit

(Fig. 6).

Other species such as pea (Ozga and others 2003), citrus

(Ben-Cheikh and others 1997), and walnut (Tadeo and

others 1994) also showed a short transient increase in GA

levels immediately following pollination or fertilization.

The number of time points at which Christmas rose flowers

were analyzed was too small to detect such rapid

fluctuations.
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GA Dynamics in the Sepals

GA concentrations in the sepals ranged from 2 to 50 times

lower than those in the fruit tissues and generally dropped

during development from their maximum at the ‘Female’

stage (Figs. 6, 7). GA4 increased 5.7-fold by the ‘Light

green’ stage (Fig. 7A), when sepal greening was initiated

and remained generally elevated (compared to the level at

anthesis, ‘Male’ phase). The levels of GA4 precursors,

GA12-GA24, and its catabolite, the GA34 were elevated

prior to the ‘Light green’ stage, indicating that metabolism

to GA4, and further to GA34, was high during early

development. GA1 levels were steady throughout devel-

opment but increased 2.5-fold by the ‘Almost ripe’ stage

Fig. 5 GAs analyzed in

reproductive tissues of the

Christmas rose. Based on our

analyses, both the non-13-

hydroxylation GA pathway

(left) and the early 13-

hydroxylation pathway (right)

are proposed to operate in this

species. The enzymes involved

are shown using the following

abbreviations: 2ox, GA 2-

oxidase; 3ox, GA 3-oxidase;

13ox, GA 13-oxidase; 20ox, GA

20-oxidase
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(Fig. 7B). All of the GA metabolites and catabolites were

present in the fruit as well as in the sepals, suggesting that

GA metabolism takes place in both tissues.

Experiments with a number of species appear to imply

that perianth development in the growing bud depends on

GAs supplied by the anthers (Pharis and King 1985; Weiss

and others 1995; Yamaguchi 2008). It thus seems logical to

suspect that the greening response of the Christmas rose

perianth (sepals), after the anthers have abscised, continues

to depend on remote GA sources, among which the GA-

rich developing fruit would be a likely candidate. This

assumption would also agree with the above experiments

that showed that GAs supplied through the deseeded pistils

can stimulate sepal greening (Figs. 1, 3). The analytical

data on GA dynamics (Fig. 7; Supplementary Table S3)

through the life cycle of the perianth indicate, however,

that the situation is not so simple.

Obvious parallels between the concentration dynamics

in the sepals with that in the fruit were not observed. It is

thus unlikely that the fruit are the only source of GAs for

the sepals. The data suggest that the sepals contain GA-

synthesizing and -metabolizing enzymes.

GAs in Unfertilized and Depistillated Flowers

A partially independent capacity for GA metabolism in the

sepals is corroborated by comparative analyses of intact,

depistillated, and unfertilized flowers. When flowers were

depistillated at the bud stage (habitat 1) and analyzed

several weeks after anthesis (when the surrounding intact

Fig. 6 Endogenous GA levels

in pistils and developing fruit of

Helleborus niger during

anthesis and fruit ripening. The

GAs presented include those in

the non-13-hydroxylation (A)

and the early 13-hydroxylation

(B) pathways. The

developmental stages analyzed

were the ‘‘Female’ (1) and the

‘Male’ (2) phases (two stages of

anthesis), the ‘Light green’ (3)

and the ‘Green’ (4) stages

(increasing chlorophyll

accumulation in the sepals), and

the ‘Half ripe’ (5) and ‘Almost

ripe’ (6) stages (two later stages

of fruit development). Data are

means ± SE; n = 2 except for

all ‘Female’ stage GAs and the

‘Light green’ stage GA34, where

n = 1 (n is the number of

replicate analyses of the same

plant sample). In the presented

series of experiments,

endogenous GA8 and its internal

standard were not recovered

following purification; this GA

was thus not quantified

(n.a. = data not available)
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flowers were at the ‘Light green’ stage), all GA metabolites

from the non-13-hydroxylation pathway (Fig. 5) were

present but at lower levels than in the sepals of intact

flowers except for similar levels of GA24 (Fig. 9A).

Depistillation resulted in decreased levels of GA4 to

0.01 ng g DW-1 compared to 0.12 ng g DW-1 in the

sepals of intact flowers. Interestingly, sepals from depis-

tillated and intact flowers had similar GA profiles for the

early 13-hydroxylation pathway, and GA1 remained at

0.2 ng g DW-1 (Fig. 9A).

Unfertilized flowers were available at the age equivalent

to the ‘Half ripe’ stage. They contained GAs from both the

non-13-hydroxylation and early 13-hydroxylation path-

ways (except GA9) (Fig. 9B). However, GA1 and GA4

were 2.6 and 1.4-times lower, respectively, in the sepals of

unfertilized flowers than in intact flowers. When GA1 or

GA4 levels were lower in sepals of depistillated and

unfertilized flowers, their respective catabolites, GA34 and

GA8, were also lower, suggesting that decreased biosyn-

thesis rather than increased catabolism resulted in reduced

GA4 and GA1 levels.

Flowers at the late ‘Almost ripe’ stage (closer to seed

ripening than the ‘Almost ripe’ material in Figs. 6, 7) were

compared to both unfertilized and depistillated flowers of

the same age (habitat 2). As seen in Fig. 10, unfertilized

pistils contained neither GA4 nor GA1, and low amounts of

their precursors and catabolites, except for significant

levels of GA29, whereas fruit from fertilized flowers had

significant levels of all GAs (except GA19), including GA1

and GA4. Although the levels of non-13-hydroxylation

Fig. 7 Endogenous GA levels

in the sepals of Helleborus niger
during anthesis and fruit

ripening. The GAs presented

include those in the non-13-

hydroxylation (A) and the early

13-hydroxylation (B) pathways.

Developmental stages are the

same as in Fig. 6. Data are

mean ± SE; n = 2 for all GAs

assayed except the ‘Light

Green’ stage for GA19, GA1,

and GA29, where n = 1.

Endogenous GA8 and its

internal standard were not

recovered following

purification; this GA was thus

not quantified (n.a. = data not

available)
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GAs remained low in the sepals of unfertilized flowers

(Fig. 10A, C), the levels of some early 13-hydroxylated

GAs (GA20, GA8, GA29) remained high (Fig. 10B, D). This

may suggest that GA 3-oxidase (converts GA20 to GA1) is

downregulated in the absence of seeds.

Although GA4 is a possible fruit-derived signal candi-

date for sepal development, our results are most simply

explained by assuming that the sepals contain their own set

of GA-forming and -metabolizing enzymes, and sepal GA

biosynthesis responds to other activation signal(s) from the

developing fruit. Furthermore, signaling factors from other

organs cannot be excluded, especially under natural con-

ditions where organs like roots and leaves may supply

signaling molecules to the perianth.

Conclusions

GAs are known to play important roles in reproductive

development, from the induction of flowering, through the

concerted development of the individual organs of a flower,

to fruit set and maturation (Pharis and King 1985; Fin-

kelstein 2004; Yamaguchi 2008). Popular model dicots in

which these processes have been investigated in detail,

such as pea (Rodrigo and others 1997; Swain and others

1997; Ozga and Reinecke 2003; Ozga and others 2009),

tomato (Rebers and others 1999), and Arabidopsis (Fei and

others 2004; Hu and others 2008), have seeds dominated by

the embryo at maturity. In Helleborus, embryo and endo-

sperm remain small (Niimi and others 2006; Tarkowski

and others 2006) and their differentiation is already well

advanced when nutrient accumulation accelerates in the

surrounding perisperm. In this developmental paradigm,

the GA biosynthesis profiles suggest that bioactive GAs

also appear to be important to pericarp and seed growth and

development.

The presence of a persisting perianth that becomes

photosynthetically active during seed development may be

an ecophysiological adaptation in Christmas roses. Even

though the leaves are winter-green, they are frequently

covered by snow and debris during early seed development

and regularly deteriorate at their later stages, while the new

generation of leaves is not yet fully functional. The green

sepals are thus a reliable and often the main direct source

of photosynthates for the assimilate-requiring fruit.

The developing seeds obviously play a role in the

metamorphosis of the sepals because this process remains

incomplete in unfertilized, depistillated, and deseeded

flowers. In these cases, perianth greening was resumed upon

treatment with exogenous GAs. The sepals responded, for

instance, to exogenous GA1 and GA4 applied to the interior

of deseeded fruit, thus indicating that transport of these

molecules from the fruit to the perianth is possible. The

dynamics of GA metabolism in intact, depistillated, and

unfertilized flowers suggested, however, that the sepals can

also synthesize and metabolize their own GAs.

Fig. 8 Comparison of GA

levels in the pericarps and the

seeds of Christmas rose fruit at

the late ‘Almost ripe’ stage. The

overall dry weight (fresh

weight) of the pericarps was

1.45 (9.78) g, and that of the

seeds was 1.61 (4.90) g.

Metabolites of the non-13-

hydroxylation pathway

(including GA4) are presented

in the top panels and those of

the early 13-hydroxylation

pathway (including GA1) in the

bottom panels. Data are

mean ± SE; n = 2 for all

samples except for seed GA15,

GA34, GA44, GA20, and GA8,

where n = 1. n.d. = not

detected, where internal

standard was detected but

endogenous GA was not
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In the pea fruit, pericarp growth, among other things,

requires bioactive GA, normally GA1, which is synthesized

in response to auxin supplied by the developing seeds

(Ozga and Reinecke 2003; Ozga and others 2009). If they

are removed, the pericarp will still grow (and GA1 will be

synthesized) if supplied with 4-chlorindole-3-acetic acid.

In Helleborus, on the other hand, although treatment of

deseeded (see above) and depistillated (Salopek-Sondi and

others 2002) flowers with bioactive GAs did trigger sepal

greening, auxins showed no effect (Salopek-Sondi and

others 2002). It is thus unlikely that in intact flowers auxins

released by the developing fruit stimulate GA biosynthesis

in the sepals.

If GAs are involved in sepal greening in Helleborus, then

one might expect that inhibitors of GA biosynthesis, applied

to intact flowers, should inhibit chlorophyll accumulation.

Paclobutrazol, applied in lanolin to the sepals of fruit-bear-

ing flowers, was inhibitory at high concentrations (10 mM)

(Salopek-Sondi 2000; Salopek-Sondi and others 2002).

Also, as shown previously (Tarkowski and others 2006),

sepal greening in intact fertilized flowers is influenced by

cytokinins; this process should therefore only be partially

Fig. 9 GAs in the sepals of

depistillated (A) and

unfertilized (B) flowers at the

‘Light green’ (LG) (A) and

‘Half ripe’ (HR) (B)

developmental stages compared

with intact (fertilized) controls.

Metabolites of the non-13-

hydroxylation pathway

(including GA4) are presented

in the top panels of A and B and

those of the early 13-

hydroxylation pathway

(including GA1) are presented

in the bottom panels. Data are

mean ± SE; n = 2 for all

samples. n.d. = not detected,

where internal standard was

detected but endogenous GA

was not
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attenuated by inhibition of GA biosynthesis. Overall, our

data suggest that a signal(s) from the fruit stimulates GA

biosynthesis in the perianth resulting in greening. Further

research will be required to understand the intricate signaling

mechanisms that coordinate sepal greening in Helleborus.
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