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Abstract Nectar is the most common floral pollinator

reward. In dichogamous species, floral nectar production

rates can differ between sexual phases. We studied the

structure of nectaries located on the stylopodium and nectar

production in protandrous umbellifer Angelica sylvestris.

Our study species produced nectar in both floral sexual

phases. Nectar sugar concentration was low (on average

22 ± 11 %, mean ± SD) and the nectar hexose rich and

composed of sucrose, glucose, fructose and a small amount

of amino acids, including b-alanine, a non-protein amino

acid. Although nectar composition and sugar concentration

varied little between floral sexual phases, nectar production

showed a threefold reduction during the stigma receptive

period. This is in contrast to other studies of Apiaceae that

have reported female-biased nectar production, but in the

direction predicted by plant sexual selection theory, sug-

gesting that in pollen-unlimited species, floral rewards

mainly enhance male reproductive success. The structure

of the nectary was similar at the two sexual stages inves-

tigated, and composed of a secretory epidermis and several

layers of nectariferous and subsecretory parenchyma. The

nectary cells were small, had large nuclei, numerous small

vacuoles and dense, intensely staining cytoplasm with

abundant endoplasmic reticulum, mitochondria and secre-

tory vesicles. They contained abundant resin-like material

that may potentially act as defence against microbes.

Starch was rarely observed in the nectary cells, occurring

predominantly at the female stage and mainly in guard and

parenchyma cells in close proximity to stomata, and in

subsecretory parenchyma. The main route of nectar release

in A. sylvestris seems to be via modified stomata.

Keywords Dichogamy � Fly pollination � Nectar

secretion � Nectary structure � Sexual selection �
Stylopodium

Introduction

Dichogamy is widespread in angiosperms (Bertin and

Newman 1993; Barrett 2003; Sargent and Otto 2004;

Routley et al. 2004; Carlson and Harms 2006). It generally

evolved as a mechanism to prevent inbreeding in her-

maphroditic plants [but see, e.g., Webb (1981) for other

views], and numerous studies indicate that the form of

dichogamy varies with pollination mode in angiosperms

(Lloyd and Webb 1986; Harder et al. 2001; Mallick 2001;

Routley and Husband 2003). According to Sargent and

Otto (2004) protandrous species tend to be pollinated by

bees or flies, whereas protogynous species, well repre-

sented among basal angiosperms (see, e.g., Endress 2010),

are predominantly wind or beetle pollinated.

In dichogamous species, floral nectar production rates

may differ between sexual phases. According to Carlson

and Harms (2006), disproportionate distribution of nectar

in the flowers during the male and female phases may

reflect a true functional bias towards male or female fitness.

Of the 41 species that they list, they noted that nectar
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production rate was greater in the male and female phase

for 21 and 20 species, respectively. They also reported that

pollinators can recognize any poorly rewarding flowers that

occur on plants, with female or male nectar production

ratios being as low as 1.2.

Generally, floral nectar is composed of a solution of

carbohydrates, namely sucrose and its component mono-

saccharides––fructose and glucose. They are derived from

sucrose transported in phloem sap or are produced directly

in the nectary cells (Pacini and Nepi 2007; Nepi et al.

2012). Baker and Baker (1982a, 1983b) recognized four

classes of nectar (sucrose dominant, sucrose rich, hexose

rich and hexose dominant) according to the ratio by weight

of sucrose to the combined hexoses: glucose and fructose.

They also suggested that there are co-evolutionary rela-

tionships between the sugar proportions in nectar and the

types of floral visitors, and high sucrose content in nectar

was correlated with pollination by hummingbirds, Lepi-

doptera and long-tongued bees, whereas high proportions

of glucose and fructose were typical of flowers pollinated

by passerine birds, flies and short-tongued bees. Nectar also

can contain other sugars that are present in trace amounts,

e.g., mannose, arabinose, xylose, maltose, melibiose and

oligosaccharides such as raffinose, melezitose, stachyose

and sorbitol (Nicolson and Thornburg 2007, and references

therein). It is worth noting that nectar-dwelling micro-

organisms can significantly influence/modify nectar-sugar

profiles (Canto and Herrera 2012; Vannette et al. 2012; de

Vega and Herrera 2013).

Additionally, other less abundant constituents such as

amino acids, proteins, organic acids, and some other sec-

ondary metabolites such as phenolic compounds, alkaloids

or terpenoids were identified in nectar (Baker and Baker

1983b; Nicolson and Thornburg 2007; Nepi 2014). It could

not be excluded that pollinators are able to detect differ-

ences in the chemical composition of nectar produced by

male and female flowers, or in that of flowers at male and

female stages. In Cucurbita pepo, female flowers produce

significantly more nectar sugar than do male flowers, but

both nectars are sucrose rich (Nepi et al. 2001). However,

Langenberger and Davis (2002) showed that in protandrous

flowers of Carum carvi, the nectar sugar profile differs

between sexual stages. Indeed, in this species, nectar was

hexose rich in the male stage but hexose dominant during

the female phase. Changes in nectar composition may

result from nectar resorption. During the stage of active

secretion, resorption of particular components ensures

nectar homeostasis, but towards the end of the flower life

span, nectar constituents are re-utilized (Stpiczyńska

2003a, b; Nepi and Stpiczyńska 2007, 2008).

One of the angiosperm groups where dichogamy (and

specifically protandry) is especially common is the carrot

family (Apiaceae = Umbelliferae). In some umbelliferous

plant species, the overlap of sexual phases in a flower may

be substantial, whereas they may be completely separate in

others (Bell 1971; Webb 1981). Recently, some authors

have demonstrated that, even in some Apiaceae species,

pollinators are able to distinguish between floral sexual

phases (Schlessman et al. 2004; Davila and Wardle 2007;

Zych 2007), and this may be due to, for instance, nectar

availability.

In Apiaceae, nectar is secreted by a stylopodium formed

from the expanded base of the style. Morphologically, the

stylopodium is the swollen ovary roof of an inferior ovary. The

gynoecium comprises the two separate style branches. The

nectary is also divided into two distinct halves. Erbar and

Leins (2010) undertook a comprehensive study of the anat-

omy and morphology of the stylopodium in Apiales and

assessed the taxonomic value of nectary characters for several

euasterid II families. Despite the availability of some mor-

phological and anatomical data, studies of nectar secretion in

dichogamous species of Apiaceae are uncommon.

Our objectives were to compare the structure of the

nectary of Angelica sylvestris L. Apiaceae (= Umbellife-

rae), a protandrous and andromonoecious plant species

(Niemirski and Zych 2011), at two consecutive sexual

stages. Since they may differ in secretory activity and,

consequently, have the potential to affect nectar both

quantitatively and qualitatively, they may influence polli-

nator behaviour. Thus, we also compared the mass of

secreted nectar and its chemical composition during both

male and female stages. This, to the best of our knowledge,

is the first time for nectary structure and nectar secretion to

be quantitatively studied for a member of the Apiaceae at

two consecutive sexual floral stages.

Materials and methods

The plant

Angelica sylvestris is a member of a large genus of ca. 110

species (Mabberley 2008), and is a common component of

the European flora. This species is a herbaceous perennial

producing cauline leaves arranged in a rosette, and erect

flower stems up to over 2 m tall (Cannon 1968). The

flowers are open and arranged in large multi-layered

inflorescences termed compound umbels (Fig. 1a). Petals

are greenish white to pinkish, flower symmetry is mostly

actinomorphic (Fig. 1b–d), but the outer flowers in um-

bellets may be slightly zygomorphic. The flowers of A.

sylvestris are dichogamous and plants generally exhibit

strong protandry at the level of the individual flower, the

inflorescence and the whole plant, but in some individuals

a short overlap in sexual phases is possible within a par-

ticular umbel (Niemirski and Zych 2011).
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Plants used in this study came from natural populations

represented in the collection of the University of Warsaw

Botanic Garden. Approximately 100 young plant rosettes

were removed and transplanted to individual pots of stan-

dard garden soil. These were kept in the Botanic Garden of

Maria Curie-Skłodowska University in Lublin under pre-

vailing climatic conditions (mean annual temperature

? 8.3 �C and mean annual rainfall 550.6 mm; based on

data for the years 1951–2010) until flowering stems

appeared. The study took place in 2012 and 2013, and the

same plants were used over the 2-year study period. Each

season, before flowering commenced, experimental plants

were transferred to a closed greenhouse chamber to prevent

insect visits. Following flowering, they were again trans-

ferred to the garden. Throughout the whole growing season

the plants were watered fortnightly with no fertilizer

applied.

To determine length of gender stages and the period of

secretory activity, umbels (10–15 in bloom) were moni-

tored twice a day using a hand lens (8–10 a.m. and

2–3p.m.) throughout the flowering period (02–16 July 2012

and June 30–July18 in 2013). Male stage umbellets from

10 plants were randomly selected (approx. 5 umbellets/

umbel), excised and immediately transferred to the lab for

nectar sampling and microscopic observations. Similar

procedure was applied to umbellets bearing female stage

flowers.

Macroscopic and microscopic observations

The structure of nectaries and the process of nectar secre-

tion were investigated for both male and female sexual

stages. During the male stage, anther dehiscence had

occurred, but the style and stigma had not expanded (style

projected no more than 1–2 mm above stylopodium). This

stage, depending on weather, lasted 3–5 days. Samples for

microscopic investigations and for nectar analysis were

collected from flowers with all five anthers dehisced.

Female stage followed the male stage, and lasted 1–2 days.

During the female stage, the two styles and stigmata had

completely expanded, but the stamens had completely

abscised (Fig. 1b–d). Since the nectar production of

female-phase flowers was very low, to collect a sufficiently

large and measurable volume of nectar, samples for

microscopic investigations and for nectar analysis were

collected from flowers on the second day of the female

stage.

With the exception of field observations, the presence of

nectar on the surface of the stylopodium was also checked

for excised flowers using a Nikon SMZ 1000

Fig. 1 Inflorescence and flowers of Angelica sylvestris. a Inflores-

cence with various groups of insect visitors. b Flowers at the

beginning of male stage with anthers showing dehiscence and nectar

visible upon the surface of stylopodium. c Droplets of copious nectar

upon stylopodium correspond with location of stomata. d Flowers at

female stage with smaller volume of nectar compared with male

stage. Scale bars b–d = 0.5 mm
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stereomicroscope (Nikon Corp., Tokyo, Japan) at the

opening bud stage, for male and female stages and at the

end of anthesis and flower abscission. At each stage

investigated, we used 100 flowers (10 flowers/plant from

10 individuals).

Microscopic observations were made using light

microscopy (LM), scanning electron microscopy (SEM)

and transmission electron microscopy (TEM). For this

purpose, 15 whole gynoecia (with stylopodia) of flowers in

the male stage and 15 whole gynoecia of flowers in the

female stage, each sampled from five plants, were fixed in

2.5 % glutaraldehyde in cacodylate buffer (pH 7.4; 0.1 M)

for 2 h at 4 �C, washed three times in buffer and post-fixed

in 1.5 % osmium tetroxide solution for 1.5 h. The fixed

material was then dehydrated using a graded ethanol series,

and infiltrated and embedded in Spurr low viscosity resin

(Sigma). Following polymerization at 60 �C, sections were

cut for TEM at 70–80 nm using a Leica EM UC7 ultra-

microtome and glass knife, and examined using a FEI

Tecnai Spirit G2 transmission electron microscope equip-

ped with TEM Imaging & Analysis computer program.

Semi-thin sections (0.8–1.0 lm thick) were prepared for

LM. For general histology, these were stained with an

aqueous solution of 1 % methylene blue/1 % azure II (1:1)

for 5–7 min on a hot plate (60 �C). Insoluble polysaccha-

rides were stained using the PAS reaction by treating the

tissue with 1 % periodic acid for 10 min followed by

Schiff’s reagent for 20 min (Jensen 1962).

Histochemical tests were applied in 2012 and 2013 to

detect the presence of lipids starch and phenolic com-

pounds in nectary tissue. Approximately, 20 flowers at each

stage investigated sampled from 10 plants were used for

each treatment. Hand-cut sections of fresh stylopodia were

tested for lipids using a saturated ethanolic solution of

Sudan III and a 10 % (w/v) aqueous solution of FeCl3 was

used to test for catechol-type dihydroxyphenols (Gahan

1984). Also, hand-cut sections were tested for starch using

IKI (iodine/aqueous potassium iodide solution). The sec-

tions were examined by means of a Nikon E-200 light

microscope equipped with a Canon D500 digital camera.

Micrometry of the nectary tissue was accomplished using

Nikon NIS-Elements AR software.

For SEM, fixed stylopodia were dehydrated and sub-

jected to critical point drying using liquid CO2. They were

then sputter coated with gold and examined by means of a

Tescan Vega II LS scanning electron microscope at an

accelerating voltage of 30 kV.

Nectar sampling and nectar analysis

Nectar was sampled for mass and sugar concentration in

2012 and 2013. The samples were collected from flowers in

both male and female stages. For this purpose, the entire

inflorescences of 10 plants were protected against insect

visits by means of nylon mesh (mesh 0.5 mm) when all

flowers were still in bud. When the flowers reached the

appropriate sexual stage, they were excised and immedi-

ately transferred to the lab. Using a stereoscopic micro-

scope, the nectar was subsequently sampled using micro-

capillary pipettes of known mass. A single sample con-

tained nectar collected from 8–10 flowers of the same

plant. Thirty samples from each of the two floral sexual

phases were collected in 2012 and 2013 (in total 120

samples). To calculate the mass of secreted nectar, the

pipettes containing nectar were reweighed using an AS

60/220/C/2 (RADWAG, Radom, Poland) analytical bal-

ance. Nectar concentration was determined as follows.

Each sample of nectar was collected from 15–25 flowers at

the male stage and, owing to the smaller volume of

available nectar, from 30–40 flowers at the female stage.

The small volume of nectar produced meant that we were

only able to collect 23 samples in 2012 (10 and 13,

respectively from male and female flower phases) and 39 in

2013 (30 and 9, respectively from male and female flower

phases). The nectar was subsequently expelled onto a

refractometer prism RL-4 (PZO, Warszawa, Poland) to

record nectar sugar concentration (% w/w).

Nectar destined for chemical analysis was collected in

2013 and fixed in 1 ml dehydrated ethanol 99.8 % (POCH,

czda-396480111). To determine the composition of nectar

sugars during both floral sexual stages, nectar from 50

flowers for each stage of development was collected using

micro-pipettes and analysed by isocratic HPLC utilizing

LC1 Waters system. A 20 ll aliquot of both sample and

standard solution was injected. Water (MilliQ, pH 7), with

a flow rate of 0.5 ml/min, was used as the mobile phase.

Sugars were separated in a Waters Sugar-Pack I column

(6.5–300 mm) maintained at 90 �C and identified by a

refractive index detector (Waters 2410). The content of

fructose, glucose and sucrose were determined and

expressed as the percentage of total sugars.

Amino acid analysis of a 10 ll sample of nectar col-

lected from 50–60 flowers for each stage (pooled sample

collected from 5 plants, 10–12 flowers/plant) was per-

formed by gradient HPLC using an ion exchange Novapak

C18 (15 mm 9 4.6 mm) cartridge, with guard column

maintained at 37 �C, and a Waters 470 scanning fluores-

cence detector (excitation at 295 nm, detection at 350 nm).

A solvent composed of TEA-phosphate buffer (pH 5.0)

mixed with a 6:4 acetonitrile–water solution was used as

the mobile phase at a flow rate of 1.0 ml/min. According to

AccQtag protocol (Waters Corp.), the selected volume of

each reconstituted sample was amino acid derivatized

(Cohen and Micheaud 1993) with AQC fluorescent reagent

and 0.02 M borate buffer (pH 8.6). In addition to all the

protein amino acids, standards of b-alanine, citrulline,
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L-homoserine, a-aminobutyric acid, b-aminobutyric acid,

c-aminobutyric acid, hydroxyproline, ornithine and taurine

were used.

Statistics

Statistica 7.1 (Stat Soft Inc. 2005; Tulsa, OK, USA) was

used for all statistical calculations. Two-way mixed model

ANOVA was employed for nectar production and con-

centration data with study year as random factor and floral

sexual phase as fixed factor, with post hoc tests applied

where appropriate. To obtain normal distribution, the data

were square root transformed prior to analysis.

Results

Morphology and structure of stylopodium

Stylopodia (gynoecial nectaries) of A. sylvestris at both the

investigated stages were pale creamy green in colour and

did not contrast with that of petals and stamens. The nec-

tary at the male stage measured, on average,

0.65 9 1.0 mm, whereas at the female stage, it was larger,

of average dimensions 1.5 9 9.8 mm.

Nectar appeared upon the stylopodium concomitantly

with the dehiscence of the anthers and was generally

present throughout the lifespan of the flower (Fig. 1b–d).

At the male stage, large droplets of nectar accumulated

close to secretory stomata (Fig. 1c), but during the female

phase, traces of hardly accessible, viscous and almost solid

nectar only were frequently observed, as a thin film over-

lying the stylopodium (Fig. 1d). In both investigated

stages, the surface of the stylopodium was undulate and

slightly raised centrally at the base of the styles. The sto-

mata were sunken in epidermal depressions distributed

uniformly over the surface of the gland (Fig. 2 a–d). The

guard cells had a smooth cuticle, in contrast to epidermal

cells, which had a striate cuticle, but the cuticular ridges

did not follow any regular pattern (Fig. 2d–f). Between the

ridges, small pores were visible in the cuticle (Fig. 2d).

Deposits of material (probably secretory residues) were

present on the surface of epidermal cells. Such deposits

were more frequently seen at the female stage (Fig. 2f).

Microscopic observations indicated that, in general, the

structure of the stylopodium was similar at both male and

female stages (Figs. 3a–h, 4a–f). The gland consisted of a

single-layered epidermis, 3–5 layers of secretory paren-

chyma cells and 4–9 layers of subsecretory parenchyma

cells. Rectangular epidermal cells measured 22.5 9

16.5 lm, on average. The periclinal cell walls of epidermal

cells (0.6 lm thick, on average) were thicker than the

radial walls, the outer cell walls having a cuticle some

0.1 lm thick, on average. In the epidermis starch grains

occurred almost exclusively in the guard cells, and only

sporadically in regular epidermal cells (Figs. 3h, 4e), and

copious resin-like deposits were observed at both sexual

stages. These stained with methylene blue-azure II, but

neither stained for lipids with Sudan III nor for polyphe-

nolic substances with FeCl3.

Beneath the secretory parenchyma were cells with thin

cellulose cell walls (0.2 lm thick, on average) and small

intercellular spaces. Secretory parenchyma cells were

usually smaller than epidermal cells (measuring

11.28 9 14.49 lm at male and 13.00 9 15.85 lm at

female stages). A large nucleus and usually intensely

staining cytoplasm containing several small vacuoles were

present (Figs. 3b, f, g, 4b). At the female stage, there was a

significant increase in the size of vacuoles present in

secretory parenchyma cells and in the occurrence of plas-

molysis (Fig. 4c, f). At both sexual stages, epidermal and

secretory parenchyma cells in the proximity of stomata

frequently collapsed, and here, accumulation of resina-

ceous material was observed (Figs. 3g, 4f). Starch grains

were seen in secretory parenchyma cells close to stomata

(including collapsed cells, Fig. 4f), as well as subsecretory

parenchyma cells (Fig. 4b, e, f). Subsecretory parenchyma

cells were larger in the female stage than the male stage (on

average 32.66 9 17.0 lm and 28.64 9 11.36, respec-

tively), and also had larger vacuoles.

The ends of vascular bundles embedded in the subse-

cretory parenchyma consisted of xylem and phloem

strands, but vascular bundles did not penetrate into the

secretory tissue (Fig. 3a–c). Oil ducts occurred in the

subsecretory parenchyma (Fig. 3g).

TEM observations revealed that the cytoplasm of secre-

tory cells was electron dense and contained abundant mito-

chondria and several small vacuoles lacking visible content

(Fig. 5a–d). Dictyosomes were rarely seen (Fig. 5b).

Numerous profiles of smooth endoplasmic reticulum were

frequently present and were either closely associated with

plastids (Fig. 5a) or formed dilated cisternae (Fig. 5d).

Plastids contained an electron dense stroma, poorly devel-

oped internal membranes and only occasionally contained

starch grains (Fig. 5a, c, d). Plastoglobuli were rarely

observed. The cells of subsecretory parenchyma (Fig. 5e–f)

usually contained one large vacuole and thin parietal cyto-

plasm. At the female stage, plastids frequently contained

starch grains (Fig. 5f). This tissue contained well-developed

intercellular spaces. Plasmodesmata were present in the cell

walls of secretory and subsecretory parenchyma.

Nectar production

Under our glasshouse conditions, flowers of A. sylvestris

produced minute quantities of nectar in both male and

Nectar and nectaries in Angelica sylvestris (Apiaceae) 1103
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female phase flowers. Male phase flowers produced over

three times more nectar mass than female phase flowers

(0.695 ± 0.468 vs. 0.202 ± 0.193 mg per 10 flowers,

mean ± SD calculated across both study years, P \ 0.001,

two-way mixed model ANOVA on square root transformed

data; see Table 1) and, for a given flower sexual phase,

mass of nectar produced was constant for both study sea-

sons (Fig. 6).

Fig. 2 Surface of stylopodium, SEM. a Stylopodium at male stage.

Scale bar = 200 lm. b Stylopodium at female stage with expanded

styles. Scale bar = 500 lm. c Stomata uniformly distributed in

epidermis. Scale bar = 50 lm. d Epidermal cells with secretory

stomata, remnants of secretion (asterisk) and pores between cuticular

ridges (arrows). e Stoma with released droplet of nectar. d, e Scale

bars = 10 lm. f Remnants of secretion (asterisks) on the surface of

nectary at female stage. Scale bar = 20 lm

1104 M. Stpiczyńska et al.
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Fig. 3 Stylopodium at male stage, LM. a Hand-cut longitudinal

section of whole stylopodium showing distribution of secretory tissue,

resin-like material and main vascular bundles. Scale bar = 100 lm.

b Epidermis, secretory parenchyma and subsecretory parenchyma

with vascular bundle. c Nectary tissue with resin-like material

(arrows) in epidermal and subepidermal cells, together with vascular

bundles and oil ducts. b, c Scale bar = 50 lm. d Surface section with

numerous resin-like deposits in epidermal cells (arrow). Scale

bar = 100 lm. e Resin-like deposits in epidermis and secretory

parenchyma (arrows). Residues of secretion (asterisk) on the surface

of epidermis close to the stoma. Scale bar = 25 lm. f Longitudinal

section of nectary tissue with oil duct and vascular bundle in

subsecretory parenchyma. Scale bar = 25 lm. g Resin-like material

that stains deep blue with methylene-azure II deposited in epidermal

cells and secretory parenchyma cells close to stoma. Scale

bar = 20 lm. h Infrequent starch grains (arrows) present in epider-

mal cells and secretory parenchyma (PAS) Scale bar = 25 lm. np

Nectary parenchyma, od oil duct, sp sub-nectary parenchyma, vb

vascular bundle
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Nectar sugar concentration and composition

Angelica sylvestris flowers produced rather dilute nectar

(average total sugar concentration 22 ± 11 %,

mean ± SD, N = 62; data pooled over two study seasons

and flower sexual phases), and we found no significant

differences in nectar sugar concentration between umbel

sexual phases (Fig. 7). We recorded, however, a significant

effect of study year and decline in nectar sugar concen-

tration in 2013, compared with data from 2012. This was

especially pronounced in female phase flowers

(mean ± SD: 29 ± 15 % vs. 15 ± 8 %, P = 0.012, Two-

way ANOVA see Table 1).

Nectar of A. sylvestris was rich in hexose and the rela-

tive percentages of sucrose, glucose and fructose were

similar in the two flower sexual phases (14, 31, 55 and 12,

28, 58 for male and female phase respectively). The nectar

also contained some amino acids. The total amino acid

concentration of nectar was 0.254 and 0.043 lmol ml-1 in

male and female phase, respectively (Table 2). A wider

array of amino acids was detected in the nectar from male

phase flowers: 12 protein amino acids and 7 non-protein

amino acids whilst only 6 and 4 were present, respectively,

in the female phase (Table 2). Also, the relative abundance

of amino acids was different between the two sexual pha-

ses: in the nectar from male phase flowers, the most

Fig. 4 Longitudinal sections of the nectary at female stage, LM.

a Section of stylopodium. b Detail of stylopodium showing distri-

bution of starch grains in subsecretory parenchyma (arrows) follow-

ing staining with methylene blue-azure II ? PAS. a, b Scale

bar = 100 lm. c Cells of nectary parenchyma and sub-nectary

parenchyma with large, centrally located vacuoles. Scale

bar = 35 lm. d Resin-like deposits in epidermal and nectary

parenchyma cells (arrows) close to stomata. e Starch accumulated

in nectary parenchyma near stoma following staining with PAS. d,

e Scale bar = 50 lm. f Collapsed cells of epidermis and nectary

parenchyma containing starch grains following staining with meth-

ylene blue-azure II ? PAS. Scale bar = 20 lm. np Nectary paren-

chyma, sp sub-nectary parenchyma, Sy style

1106 M. Stpiczyńska et al.
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abundant amino acids were serine and leucine (both around

15 % of the total amino acid concentration), whilst in

female phase flowers, they were proline, leucine, b-alanine

(30, 16 and 14 %, respectively).

Discussion

Despite differences in the secretory activity and size of the

stylopodium of A. sylvestris (an increase in size during the

Fig. 5 Ultrastructure of nectary cells, TEM. a–c and e, male stage,

d and f, female stage. a Nectary cell with numerous ER profiles and

starchless plastids. Scale bar = 1 lm. b Mitochondria gather near cell

wall. Scale bar = 0.2 lm. c Plastids with electron dense stroma and

minute starch grains. Scale bar = 0.5 lm. d Nectary cell with profiles

of ER and plastid containing starch. Scale bar = 1 lm e Sub-nectary

parenchyma cells with large intercellular space and starchless plastid.

Scale bar = 0.5 lm. f Sub-nectary parenchyma cell with parietal

cytoplasm and plastid containing starch. Scale bar = 1 lm. CW Cell

wall, D dictyosome, ER endoplasmic reticulum, Is intercellular space,

m mitochondrion, P plastid, st starch
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female stage was correlated with enlargement of the entire

ovary), the structure of the nectary was similar for the two

investigated sexual stages. The nectary was composed of a

secretory epidermis and several layers of nectariferous and

subsecretory parenchyma. Such organization reflects the

general pattern of anatomical structure of nectaries in

Apiaceae (Erbar and Leins 2010), as well as that of many

other previously investigated taxa (Nepi 2007, and refer-

ences therein). Additionally, the nectary cells of A. syl-

vestris share many ultrastructural features with the

mesenchymatous nectaries of other plant species in that

they are small, have large nuclei, numerous small vacuoles

and dense, intensely staining cytoplasm with abundant

endoplasmic reticulum, mitochondria and secretory vesi-

cles. However, contrary to the majority of nectaries

Fig. 6 Average nectar mass (mg) in male and female phase flowers

of Angelica sylvestris over two growth seasons (2012 triangles, 2013

squares); surveyed were first-order (main) umbels. Error bars

indicate 0.95 confidence interval of the mean. Means with various

letters are different at P \ 0.001 (HSD Tukey’s post hoc test)

Fig. 7 Average nectar sugar concentration [% w/w] in male and

female phase flowers of Angelica sylvestris over two growth seasons

(2012 triangles, 2013 squares); surveyed were first-order (main)

umbels. Error bars indicate 0.95 confidence interval of the mean.

Means with various letters are different at P \ 0.02 (Tukey’s post hoc

test for uneven N)

Table 2 Concentration and relative percentages of amino acids in the

nectar from male- and female-phase flowers of Angelica sylvestris

Concentration Relative (%)

M F M F

serine 0.041 0.004 15.698 9.302

glycine 0.007 2.713

histidine 0.040 15.504

arginine 0.007 2.713

threonine 0.013 5.039

alanine 0.021 0.002 8.269 4.651

proline 0.026 0.013 9.981 30.233

valine 0.004 0.002 1.550 4.651

lysine 0.016 6.202

isoleucine 0.003 1.163

leucine 0.008 0.007 3.101 16.279

phenylalanine 0.009 0.004 3.295 8.140

glutamine 0.010 3.876

asparagine 0.012 0.003 4.651 6.977

taurine 0.002 0.775

citrulline 0.007 0.001 2.713 2.326

b-alanine 0.019 0.006 7.235 13.953

ornithine 0.005 0.001 1.938 2.326

b-amino butyric acid 0.009 3.391

Total amino acids 0.254 0.043

Non-protein amino acids are in italics. Concentrations are expressed

as lmol/ml

M male phase, F female phase

Table 1 Results of two-way mixed model analysis of variance

(ANOVA) on nectar production (mass of secreted nectar) and sugar

concentration in flowers of Angelica sylvestris

Source df Sum of

squares

Mean

square

F P

Nectar production

Year 1 0.2231 0.2231 2.9682 0.088

Sex 1 4.9473 4.9473 65.8300 0.000

Year 9 sex 1 0.1340 0.1340 1.7829 0.184

Error 116 8.7177 0.0752

Sugar concentration

Year 1 6.5250 6.5250 6.2120 0.016

Sex 1 0.1090 0.1090 0.1036 0.749

Year 9 sex 1 7.1500 7.1500 6.8067 0.012

Error 58 60.9250 1.0500

Before calculations, data were square root transformed to obtain

normal distribution. ‘Year’ (random factor) denotes the effect of study

year (2012 vs. 2013); ‘Sex’ (fixed factor) the effect of umbel sexual

phase (male vs. female)
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investigated to date, starch was rarely observed in the

nectary cells of A. sylvestris, occurring mainly in guard

cells and parenchyma cells in close vicinity to the stomata,

as well as in subsecretory parenchyma. Furthermore, starch

was observed predominantly at the female stage. Perhaps

starch was deposited in response to nectar resorption at the

female stage, and utilized in ovary/ovule development.

Incorporation of sucrose from resorbed nectar into starch

grains in developing ovaries and ovules has previously

been observed, e.g., in Platanthera chlorantha (Stpic-

zyńska 2003a, b). However, starch usually accumulates in

nectary cell plastids at the pre-secretory stage, and plays an

important role in nectar production (Nepi 2007; and ref-

erences therein). According to the mechanism postulated

by Ren et al. (2007) for Nicotiana, starch stored in amy-

loplasts at the pre-secretory stage is hydrolysed during the

secretory stage and serves both as a source of carbohydrate

for nectar and as a source of energy to pump sugars from

the phloem into the nectary. Since starch was not abundant

in the nectary cells of A. sylvestris, the main source of

sugars secreted in the nectar was probably the phloem sap.

Vascular bundles do not penetrate secretory tissue in A.

sylvestris because vascular strands end in the subsecretory

parenchyma and consequently, sugars are probably trans-

ported along the apoplast and/or the symplast of nectary

tissue, as in the nectaries of other investigated taxa (Nepi

2007; Pacini and Nepi 2007; Vassiliev 2010; Heil 2011).

The nectary epidermal and subepidermal parenchyma

cells of A. sylvestris, like those of other species, have thin

cellulosic walls, and such cell walls may serve as an apo-

plastic route for nectar transport within nectary tissue,

especially where cutinized barriers that could inhibit nectar

flow are absent from the wall. Plasmodesmata connecting

secretory cells and subsecretory parenchyma cells are

common, and they may facilitate additional transport of

nectar along the symplast. These models of pre-nectar

movement along the apoplast and/or symplast within

secretory tissue, as well as the process of secretion, have

been proposed by several researchers (Gunning and

Hughes 1976; Kronestedt-Robards and Robards 1991; Nepi

2007; Vassiliev 2010; Heil 2011). According to Bush

(1999), Williams et al. (2000) and Lemoine (2000), both

pathways of sucrose transport may operate in the same

plant. Sucrose may be imported into sink cells from the

apoplast, either directly by sucrose transporters or by

monosaccharide transporters following its hydrolysis to

glucose and fructose by cell wall invertase. Within the

protoplasts of nectary cells, nectar undergoes a final

modification and is subsequently secreted into the peri-

plasmic space. Since, in the nectary cells of A. sylvestris,

numerous mitochondria are present, and secretory vesicles

are not usually present near the plasmalemma, it is prob-

able that sugars are actively transported across the

plasmalemma, and that an eccrine mode of secretion

operates here, as found in the nectaries of many other plant

species (Kronestedt-Robards and Robards 1991; Fahn

2000; Nepi 2007; Vassiliev 2010; Abedini et al. 2013).

Once secreted by the protoplast, nectar passes across the

cell wall and can flow onto the surface of the nectary via

intercellular spaces and modified stomata, a permeable

cuticle or via pores/cracks in the cuticle. In A. sylvestris,

modified stomata appear to be the main route of nectar

release, despite the presence of some cuticular pores, as

observed by SEM. Moreover, stomata may provide a

means for the resorption of nectar that was not collected by

pollinators during the female stage, since accumulation of

starch at this stage was observed in cells close to the sto-

mata. Nectar resorption via nectarostomata was confirmed

for Cucurbita pepo by means of radiolabelled sucrose

(Nepi and Stpiczyńska 2007) and resorption of sugars

following each male and female stage, together with the

presence of stomata in the epidermis covering the stylo-

podium, was reported by Langenberger and Davis (2002)

for Carum carvi.

The nectary cells of A. sylvestris contain abundant resin-

like material that may act as a defence against microbial

attack because plant resins are rich in terpenoids (Lan-

genheim 2003). Nectar, especially in open-type nectaries,

is an excellent culture-medium for the growth of fungi and

bacteria, and contamination of nectar by micro-organisms

is relatively common. The possibility that nectar micro-

organisms, probably frequent in nectar secreted by the

open-type nectary found in Apiaceae, cannot be excluded

and these may alter the nectar sugar profile, causing a

decrease in sucrose and an increase in fructose and sucrose

concentrations. Also it has been reported that proteins

present in nectar can function as protection against infec-

tions by micro-organisms (Nicolson and Thornburg 2007;

Nepi et al. 2011). However, similar resin-like material was

not reported for the nectaries of those members of Apia-

ceae investigated by Erbar and Leins (2010).

Like the nectar sugar content of most angiosperms

(Willmer 2011), that of A. sylvestris is composed of three

main constituents, sucrose, glucose and fructose. Accord-

ing to the classification of Baker and Baker (1983a), it is

hexose rich [sucrose:(glucose ? fructose) ratio of 0.16].

When compared with the results obtained for other closely

related plant species, a low proportion of sucrose, resulting

in hexose-rich or hexose-dominant nectars seems a com-

mon feature of Apiaceae (Percival 1961; Langenberger and

Davis 2002; Petanidou et al. 2006). This feature is also

found in other plants with shallow, bowl-shaped flowers

and exposed nectaries, and may be an adaptation to prevent

the rapid evaporation of nectar (Corbet 1978; Vezza et al.

2006). It is interesting to note that the non-protein amino

acid b-alanine, the most ubiquitous amino acid in the
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nectar of A. sylvestris, may represent up to 42 % of the

total amino acid content. This feature seemingly contra-

dicts what would be expected. Given the alimentary value

of nectar, one would expect protein amino acids to occur

more frequently and abundantly than their non-protein

counterparts. Recently, it was proposed that the non-pro-

tein amino acids of nectar play a role in modifying the

foraging behaviour of insects by affecting the regulation of

their nervous systems and thus promoting flight (Nepi

2014).

Our study species produced nectar during both flower

sexual phases, as commonly found in other dichogamous

species of Apiaceae (Koul et al. 1989, 1993; Davila and

Wardle 2002; Langenberger and Davis 2002; Pérez-Bañón

et al. 2007; Zych 2007). Differences in nectar sugar con-

centration between years (a decrease noted particularly in

female stage) were probably caused by weather conditions.

However, nectar composition was relatively constant for

male and female floral phases, in contrast to Carum carvi

growing in glasshouse conditions, where an increase in the

ratio of hexoses was found during the female phase

(Langenberger and Davis 2002). Likewise, nectar produc-

tion in A. sylvestris is clearly gender biased. This phe-

nomenon, usually thought to be driven by sexual selection

or inbreeding avoidance, has already been reported for

members of several other dichogamous plant families

(Carlson and Harms 2006), including both protandrous

representatives of the Apiaceae and closely related Arali-

aceae. Remarkably, to date, only female-biased cases have

been described in the latter groups (Koul et al. 1993;

Langenberger and Davis 2002; Pei et al. 2011). Here,

however, for the first time, we present quantitative analyses

of male-biased nectar production for a member of Apia-

ceae. Among umbellifers, this phenomenon has previously

been recorded only once (Pérez-Bañón et al. 2007), and

that for Daucus carota subsp. commutatus. Since pollen is

utilized by the most important pollinators of umbelliferous

plants, namely flies and bees (Koul et al. 1993; Langen-

berger and Davis 2002; Zych 2007), Pei et al. (2011) have

argued that in the absence of pollen, female-biased nectar

secretion can be predicted for all protandrous flowers as a

compensatory mechanism. This phenomenon is thought

also to occur in members of other plant families, but this

seems not to be the case for our study species. One of the

possible explanations is that it occurs most frequently in

pollen-limited species (such as Polemonium caeruleum

studied by Zych et al. 2013), and percentage seed set of A.

sylvestris is usually 100 %, at least in part of its geographic

range (M. Zych, unpublished data), which is indicative of a

lack of pollen limitation. In such cases, floral rewards

should mainly enhance male reproductive success, as

suggested by Thomson et al. (1989). In A. sylvestris, this is

achieved by more than a threefold increase in nectar

production during the pollen presenting phase, and, as

found for another umbelliferous species, Smyrnium olusa-

trum, this may be linked to a greater investment in male

functions (Lovett Doust and Harper 1980). This is in

accordance with the sexual selection theory in plants (see,

e.g., Aizen and Basilio 1998; Carlson and Harms 2006;

Carlson 2007) and may further influence insect behaviour

and favour a more rewarding male phase, as was observed

for D. carota subsp. commutatus (Pérez-Bañón et al. 2007).

Preferences towards male phase umbels have been descri-

bed for several other umbelliferous species (Lindsey and

Bell 1985; Schlessman et al. 2004; Davila and Wardle

2007; Zych 2007), but this is not the rule for the entire

family (see, e.g., Zych et al. 2014), and, specifically, was

not detected for A. sylvestris (Niemirski and Zych 2011;

Zdral and Zych 2012). The latter seems rather surprising,

as during the male phase of A. sylvestris flowers, insects are

offered abundant pollen and nectar, but during the female

phase, only traces of hardly accessible, viscous and almost

solid nectar are present, which appear in the form of a thin

film overlying the stylopodium, thus resembling a lollypop.

Such presentation of nectar during the female phase may

reduce visits by certain insect species (phenotypic filter, cf.

Ollerton et al. 2007), since in this case, floral rewards seem

especially difficult to gather by insects other than flies with

a cushion-like labium. In terms of its pollination system, A.

sylvestris is regarded a supergeneralist (Olesen et al. 2007),

since its protandrous flowers are visited by a wide range of

insects representing several taxonomic orders (Ellis and

Ellis-Adam 1993; Zych et al. 2007; Niemirski and Zych

2011). It has open, dish-shaped flowers with no additional

morphological adaptations that would restrict the access of

insect visitors to floral rewards. However, recent analysis

of insect effectiveness revealed that the flowers are mainly

pollinated by a narrow assemblage of muscoid and syrphid

flies that constituted 85–90 % of visitors to either sexual

phase of A. sylvestris umbels in the population studied by

Niemirski and Zych (2011). These authors found that

insects did not prefer male over female phase umbels. Lack

of any preferences towards either umbel sexual phase (in

both cases, measured in terms of visit frequency) was later

reported also by Zdral and Zych (2012) for another popu-

lation of A. sylvestris visited mainly by beetles.

As suggested by Niemirski and Zych (2011), umbel

sexual phases could be distinguished if the insects were

able to detect differences between pollen presenting and

stigma receptive flowers. In the case of flies, visual clues,

and especially yellow colouration (the most common col-

our for pollen) seem to play an important role in the

attraction of insects to flowers (Lunau 2000). For instance,

as shown by Lunau et al. (2005), the syrphid fly Eristalis

tenax can distinguish between small yellow spots con-

trasting with other colours, an ability that, according to
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123



Niemirski and Zych (2011), may be responsible for rec-

ognizing the pollen presenting phase in some umbelliferous

plants with yellow anthers and pollen, e.g., Heracleum

sphondylium. Therefore, in A. sylvestris, where stylopodia,

petals, anthers and pollen grains are rather uniformly

greenish yellow or cream in colour, the pollination system

may involve some elements of floral deception because

pollinators and floral visitors cannot distinguish between

male and female phase flowers. On the other hand, the

quality of a floral visitor may be measured, not only in

terms of the frequency of its visits, but also in terms of the

duration of the visit and the number of flowers visited in a

single bout (especially as in Apiaceae an umbellet or even

the whole compound umbel is regarded as a unit of polli-

nation; Bell 1971). Furthermore, the total number of pollen

grains picked up by a pollinator should be positively cor-

related with the number of flowers visited on a plant

(Zimmerman 1988). If the above is true, i.e., insects may

be able to detect the amount of reward only while landing

on a flower, floral visitors should stay longer/visit more

umbellets per inflorescence on male phase umbels. In doing

so they would acquire more pollen, which benefits male

function. On the other hand, insects should depart earlier

from/visit fewer umbellets of female umbels. Paradoxi-

cally, the latter may be still beneficial for female function

since, theoretically, several pollen grains suffice for the

100 % seed set of the umbelliferous flowers (there are only

two ovules per ovary), and even short visit may result in

more than enough pollen being deposited on a stigma for a

full seed set. Unfortunately, we do not know of any field

data relating to visit duration to A. sylvestris flowers, but

results for other umbellifers, e.g., Heracleum sphondylium

showed that the number of umbellets visited within a single

visit may indeed differ for male and female phase umbels

(Zych 2003). On the other hand, however, Zych et al.

(2014) did not find such differences for umbelliferous

Ostericum palustre.

Last but not least, the level of nectar production bias and

expression of dichogamy may also vary between popula-

tions of our study plant, depending, e.g., on the level of

pollinator availability or identity. All the above indicate the

need for further research and show interesting arenas for

new studies on these aspects of the pollination biology of

umbelliferous plants.
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