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Me methyl 
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PMC pollen mother cell 
RNAi ribonucleic acid interface 
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SCR S-locus cysteine-rich protein 
SEM scanning electron microscopy 
SHT spermidine hydroxycinnamoyltransferase 
SI self-incompatibility 
SLF S-locus F-box 
SP11 S-locus protein 11 
SPDP spermidine synthase 
SRK S-locus receptor kinase 
SWS short wavelength sensitive 
TEM transmission electron microscopy 
TKPR1 tetraketide D-pyrone reductase 1  
TLC thin-layer chromatography 
TT4 TRANSPARENT TESTA 4 (CHALCONE SYNTHASE, CHS) 
UV ultraviolet 
UVS ultraviolet sensitive 
VOC volatile organic compound 
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Chapter I   
General introduction   

 

 

 

1. Pollen: an overview 

 

  Pollen grains are the male microgametophytes of seed plants that produce gametes required for 

sexual reproduction, which in seed plants involves three distinct phases: pollination, fertilization, 

and seed dispersal. Pollination is the transfer of pollen from an anther to a stigma in angiosperms or 

from a microsporophyll to the micropyle of an ovule in gymnosperms (Singh 2006). Once delivered 

to the female reproductive structure, the pollen grain germinates and forms a pollen tube that 

transports the male gametes to ovules (McCormick 1993). Fertilization is achieved when a male 

gamete nucleus combines with an egg nucleus of the ovule to form a zygote, which gives rise to 

fruits and seeds (Fahn 1967; Kandasamy et al. 1994). Unless stated otherwise, the following sections 

refer to angiosperms.  

 

1.1. Morphology 

 

  In the 1640s, the English botanist Nehemiah Grew made the first microscopic observations of 

pollen, and discovered that pollen grains in different plant species are of different sizes and forms 

(Manten 1967). Advances in microscopy, especially scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM), enabled the detailed characterization of pollen 

morphology, which is nowadays applied to many fields including aeropalynology, biostratigraphy, 

cryopalynology, paleopalynology, and pharmacopalynology. 

  Pollen grains vary in diameter from approximately 5 Pm in Myosotis to >200 Pm in Cucurbita, 

with an average of around 35 Pm (Stanley and Linskens 1974; Willmer 2011); and in volume by up 

to five orders of magnitude (Muller 1979). Pollen grains of wind-pollinated (anemophilous) species 

are usually smaller in diameter relative to those of animal-pollinated (zoophilous) ones (20–60 Pm 

vs >200 Pm), small size being advantageous for dispersal (Harder et al. 1988; Ackerman 2000). 

However, a recent aerodynamic study demonstrated that the settling velocities of anemophilous 

pollen exceed those of zoophilous pollen (Hall and Walter 2011). While pollen grains of 

bat-pollinated plant species seem to be larger than those transferred by other pollinators (Stroo 2000), 
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there is no difference in pollen size between bird-pollinated plants and bee-pollinated plants (Harder 

1988; Ackerman 2000), and so the relationship between pollen size and pollinating agents is 

currently unclear. Although cellular size usually correlates positively with genome size (Beaulieu et 

al. 2008), there is no significant global correlation between the pollen grain size and genome size 

(C-value) (Knight et al. 2010).  

  The 3D shape of pollen grains is usually described in terms of their equatorial and polar views. In 

the equatorial view, the shape is categorized by ratio of the lengths of their polar and equatorial axes 

(P/E) as follows: peroblate (less than 0.5); oblate (0.5–0.75); subspheroidal (0.75–1.33); prolate 

(1.33–2.0); and perprolate (greater than 2.0) (Erdtman 1952). The most common subspheroidal class 

is further divided into four categories: suboblate, P/E 0.75 to 0.88; oblate-spheroidal, 0.88 to 1.0; 

prolate-spheroidal, 1.0 to 1.14; and subprolate, 1.14 to 1.33 (Erdtman 1952). In the polar view, the 

shape is categorized as circular, elliptical, polygonal, concave-polygonal (angular with concave 

sides), or lobate (curved with convex sides separated by indentations) (Wortley et al. 2015).  

  Pollen cells are encased in intricately ornamented wall (Edlund et al. 2004; Kesseler and Harley 

2006; Zavada 1983). Pollen ornamentation is diverse and includes spines, spinules, warts, granules, 

reticulations, etc., depending on the species; the corresponding pollen grains are described as 

echinate, reticulate, granulate, etc.; although a combination of multiple ornamentations is common 

(Hesse et al. 2009). Highly diversified morphology of pollen grains has been proposed to be 

associated with pollinator type; however, the reasons accounting for such variation in the 

ornamentation of pollen grains still remain unclear (Sannier et al. 2009).  

  Despite the diversity of ornamentation, pollen walls exhibit a common structural stratification that 

serves critical functions as a barrier against unfavorable environment conditions (Fig. 1; Hesse et al. 

2009; Wallace et al. 2011). Pollen wall can be divided into three principal strata: inner intine 

(approximately 0.2 Pm thickness), directly external to the plasma membrane; outer exine 

(approximately 1.0 Pm thickness) composed of a durable biopolymer sporopollenin; and pollen coat 

(approximately 1.0 Pm thickness) typically composed of lipids, proteins, and pigments, which fills 

Exine
Sexine

Pollenkitt

Cytoplasm

Plasma membrane

Intine

Endexine
Foot layer

Bacula

Tectum

Nexine

Fig. 1 Cross-section view of pollen wall stratification (revised from Fig. 2 in Ariizumi and Toriyama 2011). 
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the sculptured cavities of exine (Brooks and Shaw 1968; Heslop-Harrison 1968a; Section 1.4). The 

intine usually comprises two layers: an outer granular exintine, and inner microfibrillar and/or 

lamellar endintine (van der Ham 1991; Heslop-Harrison and Heslop-Harrison 1982; Simpson 1989). 

The intine is composed primarily of pectin, cellulose, and hemicellulose, and maintains the structural 

integrity of pollen grains (Persson et al. 2007). The exine typically comprises two layers: inner 

nexine and outer sexine (Ariizumi and Toriyama 2011). The nexine is bilayered, consisting of foot 

layer (nexine I) and endexine (nexine II) (Ariizumi and Toriyama 2011). The sexine contains an 

outermost edge, tectum, and radially directed rods, bacula (columellae) (Ariizumi and Toriyama 

2011).  

  Pollen can be further characterized by the number and location of apertures on the surface of the 

outer wall; an aperture is a thin or missing part of the exine, which is independent of the patterning 

of the exine, and serves as the emerging site of pollen tube. In basal angiosperm including monocots, 

pollen is predominantly monoaperturate (Furness and Rudall 2004). Pollen grains lacking clearly 

defined apertures on the surface (inaperturate) are also common (Furness 2007); multi-aperturate 

and inaperturate pollen are sometimes found in closely related species, i.e., Trimeniaceae, 

Chloranthaceae, and Alismatales (Furness and Rudall 1999; Furness et al. 2002). Inaperturate pollen 

is usually thin-walled, so that the pollen tube can potentially emerge at any point (Furness and 

Rudall 2004). In contrast, most eudicot pollen grains bear three elongated, slit-like apertures 

arranged equidistantly around the equator (i.e., Arabidopsis) (Furness and Rudall 2004; Halbritter 

2015). Pollen with four, five, six, or more apertures scattered over the grain surface are found in 

some species (e.g. Caryophyllales) (Furness and Rudall 2004; Wortley et al. 2015). In the evolution 

process of angiosperms, the number of pollen apertures has been found to tend to increase, with an 

apparently fundamental shift of their position from polar to equatorial (Furness and Rudall 2004). 

The increased aperture number may facilitate the contact between aperture(s) and stigmatic surface, 

offering a potential selective advantage.  

 

 

1.2. Anther and pollen development 

 

Anther development 

  The floral meristem typically consists of three germ layers: L1, L2, and L3 (Satina et al. 1940), 

which give rise to different anther tissues following stamen primordia initiation (Goldberg et al. 

1993). The L1 layer differentiates into the stomium and epidermis, the L2 layer into the primary 
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parietal and sporogenous layers, and the L3 layer into the connective and vasculature tissues (Wilson 

et al. 2011). The primary parietal cells further divide into three layers of anther: endothecium, 

middle layer, tapetum (Wilson et al. 2011). These differentiations result in a final anther structure 

comprised of four maternal cell layers: outermost epidermis, endothecium, middle layer, and 

tapetum, surrounding the inner sporogenous cells (Fig. 2; Scott et al. 2004).  

  Sporophytic anther tissues, particularly the tapetum, support the nutrition and development of 

pollen grains (Gómez et al. 2015; Section 1.3 & 1.4). At least two types of tapeta are recognized in 

seed plants: amoeboid (invasive) and secretory (glandular) types, although their functions are 

essentially the same (Pacini 1997, 2010). In anthers bearing amoeboid tapetum, the tapetal 

protoplasts invade the locule and completely envelop the developing microspores to provide 

materials (Pacini 2000). The microspore developmental stage at which the invasion occurs varies; in 

monocotyledons, it is usually during meiosis or the tetrad period, whereas in eudicots, it is usually 

during the early microspore period (Pacini et al. 1985). Secretory tapeta which release materials to 

the developing microspores via the locular fluid (Clément et al. 1998; Furness 2008), are the 

predominant type among land plants (Furness and Rudall 2001). The secretory tapetal cells remain 

intact at the periphery of the anther locule and undergo post-meiotic degeneration via programmed 

cell death (Gómez et al. 2015) to form the pollen coat (Pacini 2010; Section 1.4).  

 

Pollen development  

  At maturity, an angiosperm pollen grain comprises either two (bicellular) or three (tricellular) 

haploid cells (Borg and Twell 2011). Bicellular pollen comprises a vegetative cell containing a 

generative cell, and tricellular pollen a vegetative cell containing two sperm cells (Borg and Twell 

2011). About 70% of angiosperm species are estimated to have bicellular pollen at anthesis 

(Williams et al. 2014). In species that shed bicellular pollen at anthesis, the final mitotic division to 

produce two sperm cells occur during pollen tube growth (Gómez et al. 2015).  

Sporogenous cells

Tapetum

Middle layer

Epidermis

Endothecium

Stomium V
C

Stamen

Anther

Fig. 2 Cross-section view of anther wall. C, connective; V, vascular bundle. 
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  Pollen development in Arabidopsis, rice (Oryza sativa), and many other angiosperms involves 

similar key stages; the conservation of the regulatory pathways underlying these stages was 

demonstrated by the characterization of male sterile mutants from orthologs in both plants (Gómez 

et al. 2015; Wilson and Zhang 2009). A schematic model of bicellular pollen development in 

angiosperms is depicted in Fig. 3. The developmental process consists of two successive phases: 

microsporogenesis, the formation of four haploid microspores by meiosis; and microgametogenesis, 

the transformation of unicellular microspores into mature microgametophytes (Borg and Twell 

2011). During microsporogenesis, L2-derived diploid sporogenous cells differentiate into pollen 

mother cells (PMCs) that are surrounded by a primary cell wall, predominantly composed of 

cellulose, hemicellulose, pectin, and glycoprotein (Albersheim et al. 2010). Subsequently, a callose 

wall forms between the plasma membrane and primary cell wall (Borg and Twell 2011). At this 

stage, an anther locule, the space between PMCs, is formed and filled by a locular fluid (Pacini 

1997). Within the callose wall, PMCs undergo two successive nuclear divisions (meiosis I and II) to 

produce a tetrad, four haploid microspores in a tetrahedral arrangement. The microspores are 

released from the tetrad by callase secreted by the tapetum (Lu et al. 2014). Microgametogenesis 

begins with the expansion of the microspore, which is usually associated with the fusion of multiple 

vacuoles (Borg and Twell 2011). Vacuole formation is accompanied by repositioning of the 

microspore nucleus to an eccentric site against the microspore wall (Pacini et al. 2011). The 

polarized microspore then divides by mitosis I into a large vegetative cell and a generative cell 

(Pacini et al. 2011). The generative cell is subsequently engulfed by the cytoplasm of the vegetative 

cell by digestion of the hemispherical callose wall separating the two cells, to give a unique 

cell-within-a-cell structure (Borg and Twell 2011). After mitosis I, the vegetative cell differentiates 

to establish a dehydration resistant cell capable of extending a pollen tube (Borg and Twell 2011).  

The generative cell undergoes a further round of mitotic division (mitosis II) to produce a pair of 

sperm cells (Eady et al. 1995). During pollen maturation, the vegetative cell accumulates 

carbohydrates to support the active metabolism required for germination and pollen tube growth  

 

 

Pollen mother cell Tetrad Microspore (unicellular) Pollen (bicellular)

Microsporogenesis Microgametogenesis

Primary cell wall

Callose wall

Exine
Exine

Pollen coat

Vegetative nucleus

Generative nucleus

Fig. 3 Microsporogenesis and microgametogenesis in angiosperms (revised from Fig. 3 in Borg and Twell 2011 ). 
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 (Pacini 1996). Osmoprotectants, such as disaccharides, proline, and glycine-betaine, also 

accumulate to protect vital membranes and proteins from dehydration damage (Borg and Twell 

2011).  

  The bi and tricellular categorizations of pollen do not apply to gymnosperm pollen grains, which 

can contain several cells (Pacini et al. 1999). In gymnosperms, microgametogenesis begins within 

microsporangia where diploid microsporocytes or PMCs undergo meiosis to form tetrads of haploid 

microspores (Singh 2006). After the meiosis, a variable number of asymmetric mitosis arise 

differentiated cells, including antheridial, prothallial, tube, and sperm cells (Singh 2006; 

Vázquez-Lobo 2009). The number of cells in shed pollen varies between lineages from one to five, 

and gametes are absent since its differentiation occurs after pollination (Pacini et al. 1999).  

 

 

1.3. Pollen wall assembly 

 

Assembly mechanism of exine: A model based on colloid chemistry  

  Pollen wall development is initiated at the tetrad stage through the deposition of a primexine, a 

glycocalyx-like material, which functions as a scaffold for exine (Fig. 4; Ariizumi and Toriyama 

2007, 2011; Blackmore et al. 2007). Proexine, incipient exine, has been proposed to self-assemble in 

the colloidal system of primexine (Gabarayeva 2000; Gabarayeva and Hemsley 2006; Hemsley et al. 

2003; Hemsley and Gabarayeva 2007), consistent with the observations that exine remains fluid 

until late in pollen development (Rowley and Skvarla 2007; Gabarayeva et al. 2009b). Primexine is 

predominantly composed of amphilic glycoproteins (Heslop-Harrison 1968b; Li et al. 2017b); 

capable of self-assembly into micelle mesophases.  

  Amphiphiles form spherical micelles in aqueous solvents, as their concentration reaches the 

critical micelle concentration (Israelachvili et al. 1976). These micelles vary in shape, depending on 

Callose wallCallose wall

Locular fluid

Tapetum

Sporopollenin
precursors

Undulated
membrane

Programmed
cell death

Primexine

Cytoplasm

Foot layer Endexine
Intine

Pollen coat

TetradMeiosis Microspore (unicellular) Pollen (bicellular)

Fig. 1 Angiosperm pollen wall developmental process (redrawn from Fig. 3 in Ariizumi and Toriyama 2011). 

• Ill! 
• e 1 

•• • 

- I. .I. I ::r ~ 
---+ I+---- ----+ I+---- ---+I~ 



 

 7 

the concentration; increasingly higher concentrations cause the spherical micelles to aggregate into 

the cylindrical micelles (Zana 2005), which can self-assemble into hexagonally arranged cylindrical 

micelles (hexagonal phase) (Zana 2005). Further increases of the concentration lead to their 

reconfiguration into lamellar micelles (neat phase) (Zana 2005). These self-assembly processes are 

implicated in pollen wall development; and the various micelle shapes may reflect considerable 

variation in exine ultrastructure (Hemsley and Gabarayeva 2007). Recently, the involvement of 

self-assembly processes in exine development has been supported by in vitro simulations of 

endexine-, bacula-, and tectum-like microarchitectures within the colloidal mixture of mimicking 

substances (Gabarayeva and Grigorjeva 2013, 2016).  

 

Assembly of proexine: Tetrad period  

  Primexine develops in the periplasmic space between callose wall and plasma membrane at tetrad 

stage (Fig. 4; Heslop-Harrison 1968a; Polevova 2014; Punt et al. 2007). After meiosis and 

simultaneous cytokinesis, callose deposition forms a callose wall around each of the four 

microspores (Heslop-Harrison 1968a; Sanders et al. 1999). The microspore Golgi vesicles deliver 

primexine (i.e., glycoproteins and lipopolysaccharides) into the periplasmic space (radial extent, 

approximately 500 nm) by exocytosis, increasing their concentrations in the peripheral cytoplasm 

(Gabarayeva and Grigorjeva 2002; Gabarayeva et al. 2003, 2009a; Rowley 1973; Rowley et al. 

1981; Suárez-Cervera et al. 1995). At the early tetrad stage, a primexine (radial extent, 

approximately 100 nm) covers the plasma membrane of the microspore (Gabarayeva et al. 2003, 

2009a) and functions as an elaborate matrix in which the patterned accumulation of sporopollenin 

precursors and their subsequent polymerization take place. Slightly later, the plasma membrane 

surface ceases to be flat (Heslop-Harrison 1968a; Paxson-Sowders et al. 1997); the raised areas 

provide the anchoring site for the basis of bacula (probacula) (Li et al. 2017b; Paxson-Sowders et al. 

1997). Spherical globules appear in the primexine at this stage (Gabarayeva and Grigorjeva 2004, 

2017; Gabarayeva et al. 2011, 2014, 2018; Hemsley and Gabarayeva 2007; Suárez-Cervera et al. 

1995). As primexine consists mainly of glycoproteins, the globules have been presumed to be 

spherical micelles (Gabarayeva and Hemsley 2006).  

  At the beginning of middle tetrad stage, the globules gradually transform into cylindrical units that 

predestined to be probaculae (Gabarayeva et al. 2003, 2011, 2014). The transformation has been 

interpreted as a mesophase transition from spherical to cylindrical micelles (Gabarayeva and 

Hemsley 2006; Hemsley and Gabarayeva 2007; Polevova 2011). As the cylindrical units increase in 

height and width, the principal structural feature of probacula is established within the primexine 
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(Gabarayeva et al. 2003, 2009a, 2013a). The probaculae appears as a tuft of cylindrical units 

(Gabarayeva et al. 2003, 2011; Grigorjeva and Gabarayeva 2018) and displays a hexagonal pattern 

in its cross section, likely corresponding to the hexagonal arrangement of cylindrical micelles (Ben 

Nasri-Ayachi and Nabli 2009; Gabarayeva and Grigorjeva 2004; Gabarayeva et al. 2009a, 2010, 

2016a).  

  During the middle tetrad stage or microspore stage, secretory tapetum accumulates orbicles, called 

Ubisch bodies, and releases them into the anther locule (Gabarayeva and Grigorjeva 2017; 

Grigorjeva and Gabarayeva 2015). The Ubisch bodies are a mechanism by which sporopollenin 

precursors are transported between the tapetum and developing microspores (Huysmans et al. 1998). 

Histochemical studies showed that Ubisch bodies contain acidic and neutral polysaccharides, 

unsaturated lipids, and glycoproteins (El-Ghazaly and Jensen 1987; Suárez-Cervera et al. 1995). 

Numerous Ubisch bodies are observed in the tapetal cytoplasm and anther locule, as well as in the 

primexine, in this period (Gabarayeva and Grigorjeva 2011; Gabarayeva et al. 2009a, b; 

Suárez-Cervera et al. 1995). Correspondingly, roundish particles called sporopollenin acceptor 

particles (SAPs) deposit on the top of primexine and along the probacula, at around the middle tetrad 

stage (Gabarayeva and Grigorjeva 2004; Kirkpatrick and Owen 2013; Rowley et al. 1999; Tsou and 

Fu 2002). The SAPs are believed to contain enzymes that catalyze the polymerization of 

sporopollenin precursors (Gabarayeva and Grigorjeva 2004; Gabarayeva et al. 2018; Grigorjeva and 

Gabarayeva 2018), as histochemical analyses showed that SAPs contain proteins (Rowley et al. 

1999). Sporopollenin precursors are accumulated in the primexine, wherein they polymerize, likely 

associated with SAPs. At the middle or late tetrad stage, the discontinuous protectum and profoot 

layer are observed (Gabarayeva et al. 2003, 2009a, 2013a, 2018; Grigorjeva and Gabarayeva 2018). 

The formation of protectum and profoot layer has been suggested to be due to the initial 

sporopollenin accumulation on the proximal ends of the probaculae (Blackmore et al. 2010; 

Gabarayeva and Grigorjeva 2011; Gabarayeva et al. 2003, 2009a).  

  At the late tetrad stage, a primordial endexine (proendexine) bears inward to the primexine 

(Gabarayeva and Grigorjeva 2011; Grigorjeva and Gabarayeva 2018). The proendexine develops 

upon distinctive tripartite lamellae (Rowley and Southworth 1967), also known as lamellae with a 

"white line in the center", as seen in TEM observations (Furness et al. 2002; Gabarayeva and 

El-Ghazaly 1997). The distinctive tripartite lamellae have been interpreted as lamellar micelles, 

wherein the central white line corresponds to a hydrophilic molecular tail (Gabarayeva and 

Grigorjeva 2011; Gabarayeva et al. 2013b; Grigorjeva and Gabarayeva 2018; Polevova 2011). 

Slightly later, the callose wall initiates its dissolution by tapetum-derived callase (Gabarayeva and 
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Grigorjeva 2018; Sanders et al. 1999). By the end of the tetrad stage, the structural elements of the 

proexine have been established (Blackmore et al. 2010). The primexine is usually absent at aperture 

sites, and proexine is correspondingly not developed (Grigorjeva and Gabarayeva 2018).  

  In Arabidopsis, several genes have been demonstrated to affect the primexine formation at the 

tetrad stage (Shi et al. 2015), such as DEFECTIVE IN EXINE FORMATION1 (DEX1, described in 

detail below); EXINE FORMATION DEFECT (EFD), which encodes a de novo DNA 

methyltransferase; MALE STERIITY1 (MS1), which encodes a plant homeodomain-type finger 

protein; NO EXINE FORMATION1 (NEF1), which encodes a plastid integral membrane protein; NO 

PRIMEXINE AND PLASMA MEMBRANE UNDULATION (NPU), which encodes a plasma 

membrane protein; and RUPTURED POLLEN GRAIN1 (RPG1), which encodes a 

membrane-localized sugar transporter (Ariizumi et al. 2004, 2005; Chan et al. 2012; Guan et al. 

2008; Hu et al. 2014). DEX1 is expressed in the early tetrad period and encodes a putative plasma 

membrane-associated protein that contains several calcium-binding domains (Paxson-Sowders et al. 

2001). The pollen development of dex1 mutants is broadly defective; primexine deposition is 

delayed and reduced; the undulating patterns of the plasma membrane are absent; and the 

sporopollenin aggregation is irregular (Paxson-Sowders et al. 2001). These authors suggested three 

possible roles for DEX1: as a linker protein that participates in attaching either the primexine or 

sporopollenin precursors to the plasma membrane; as a primexine component involved in the 

polymerization of sporopollenin; or as a part of the rough endoplasmic reticulum (ER) involved in 

processing and/or transport of primexine components to the membrane (Paxson-Sowders et al. 2001). 

A putative ortholog of Arabidopsis DEX1, OsDEX1, has been identified in rice (O. sativa) by 

phylogenetic analyses (Yu et al. 2016). OsDEX1 is expressed in microspores during the early tetrad 

period and was hypothesized to play a fundamental role in modulating Ca2+ homeostasis within 

primexine; experiments with recombinant OsDEX1 having been shown to bind Ca2+ and regulate its 

homeostasis in vitro (Yu et al. 2016). The modulation of Ca2+ concentration within primexine by 

DEX1 may contribute the shape taken on by the micelle during developmental processes (Blackmore 

et al. 2007).  

 

Exine maturation and intine formation: Microspore period 

  Upon release of the microspores from the callose wall, sporopollenin precursors progressively 

accumulate in the core of proexine, increasing in its thickness (Gabarayeva and Grigorjeva 2017; 

Gabarayeva et al. 2009b, 2018; Jiang et al. 2012). The mature exine structure is visually completed 

by the late microspore stage (Ariizumi and Toriyama 2011).  
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  Once the exine has matured, the intine falls under the control of the microspore (Gabarayeva et al. 

2009b, 2011). Globular, microfibrillar, and/or lamellar intine structures are thought to reflect the 

transitive micelle mesophases of the glycoproteins that self-assemble into those structures 

(Gabarayeva and Grigorjeva 2010, 2011; Gabarayeva et al. 2010, 2016b; van der Ham 1991; 

Simpson 1989). An immunohistochemical study confirmed that glycoproteins are also distributed in 

intine (Suárez-Cervera et al. 2005), where they are hypothesized to be responsible for micelle 

formation.  

  At a late stage of pollen development, tapetal proplastids begin to differentiate into one of two 

types of specialized plastids, elaioplasts and tapetosomes (Clément and Pacini 2001; Hsieh et al. 

2003; Piffanelli et al. 1998; Quilichini et al. 2014a). Elaioplasts are filled with steryl ester-rich 

globules maintained by plastid lipid-associated proteins (Wu et al. 1999). Tapetosomes are 

ER-derived storage organelles that produce a plethora of metabolites, including alkanes and 

triacylglycerol-rich oil droplets, which are structurally maintained by oleosins and surrounded by 

vesicles associated with flavonoids (Hsieh and Huang 2004, 2005, 2007). As the tapetal cells that 

make up the programmed cell death, their cellular contents, including the components in these 

organelles, are released into the anther locule to coat the pollen (Vizcay-Barrena and Wilson 2006; 

Parish and Li 2010; Section 1.4). The developmental process described above seems to be conserved 

across vast range of taxa from aquatic to land angiosperms (Blackmore et al. 2007; Gabarayeva and 

El-Ghazaly 1997; Gabarayeva and Grigorjeva 2002, 2004; Gabarayeva et al. 2003, 2009a, b, 2010; 

Gómez et al. 2015; Kreunen and Osborn 1999; Scott 1994; Southworth and Jernstedt 1995).  

 

Aperture formation  

  The aperture pattern of pollen grains is precise, with a certain number of apertures placed at 

distinct positions (Furness and Rudall 2004; Kuprianova 1967), indicating that developing pollen 

possess robust mechanisms that designate particular membrane domains as the future aperture sites. 

Recently, the INAPERTURATE POLLEN1 (INP1) protein of Arabidopsis was characterized as an 

essential aperture factor, the pollen grains of inp1 null mutants having been found to completely lack 

apertures (Dobritsa and Coerper 2012; Reeder et al. 2016). After meiotic cytokinesis, INP1 

aggregates at the interface between the plasma membrane and the callose wall, which prevent exine 

formation at the sites destined to be apertures (Dobritsa and Reeder 2017; Dobritsa et al. 2018). 

Putative INP1 homologs have been found in most angiosperms with available genomic or 

transcriptomic data (Dobritsa and Coerper 2012); therefore, the involvement of INP1 in aperture 

formation has been suggested to be evolutionarily conserved, despite the significant divergence of 
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aperture patterns (Li et al. 2018).  

 

Sporopollenin: Chemical composition and biosynthesis pathway  

  Sporopollenin is a biopolymer that resists physical, biological, and chemical degradation, and 

fortifies pollen grains (Mackenzie et al. 2015). Although its chemical structure remains unclear due 

to its insolubility and inertness (Domínguez et al 1999), pyrolysis-GC-MS experiments identified 

p-coumaric acid and ferulic acid as components of the sporopollenin of broad bean, silver birch, 

stinking hellebore, and Scots pine (Rozema et al. 2001). Phenolics and aliphatic derivatives have 

been identified as the chemical degradation products of sporopollenin by FT-IR, NMR, and X-ray 

photoelectron spectroscopies (Ahlers et al. 2000, 2003; Bubert et al. 2002). Solid state 13C NMR 

spectroscopy confirmed that the oxygen atoms in sporopollenin are present in ether, aliphatic and 

phenolic hydroxy, carboxy, and ester groups (Ahlers et al. 2000; Guilford et al. 1988). Covalent 

coupling of the monomeric units of sporopollenin by ether linkage may be responsible for the 

chemical resistance (Ahlers et al. 2000).  

  Recent genetic and biochemical approaches primarily in Arabidopsis have identified a number of 

genes encoding key enzymes required for sporopollenin biosynthesis, i.e., MALE STERILITY2 

(MS2), ACYL-COENZYME A SYNTHETASE5 (ACOS5), CYTOCHROME P450s (CYP703A2 and 

CYP704B1), POLYKETIDE SYNTHASEs (PKSA and PKSB), TETRAKETIDE -PYRONE 

REDUCTASE1 (TKPR1) (Fig. 5; Ariizumi and Toriyama 2011; Quilichini et al. 2015). MS2 was first 

identified as a gene required for exine formation, based on abnormalities in exine formation and a 

severe reduction in male fertility in the ms2 mutant (Aarts et al. 1997). MS2 is characterized as a 

fatty acyl-acyl carrier protein (ACP) reductase localized to the plastid of tapetal cells, which reduces 

fatty acyl-ACP substrates into the corresponding fatty alcohols (Chen et al. 2011). Fatty acyl-ACP 

can be also hydrolyzed by fatty acyl thioesterase to release free fatty acids in plastid stroma (Li et al. 

2015). ACOS5 functions as a medium- to long-chain fatty acyl-CoA synthetase, with a preference 

for hydroxy fatty acids as the substrate (de Azevedo Souza et al. 2009). The acos5 mutant 

microspore is devoid of exine and exhibits sterility, indicating the crucial role of ACOS5 in exine 

formation (de Azevedo Souza et al. 2009; Xie et al. 2017). Free fatty acids have been expected to be 

exported from the plastids prior to the esterification by ACOS5 (Quilichini et al. 2015). CYP703A2 

and CYP704B1, which catalyze the in-chain and -hydroxylation of fatty acids, respectively, have 

also been implicated in sporopollenin biosynthesis, as cyp703a2 and cyp704b1 mutants exhibit the 

absence of exine and abnormal exine, respectively (Dobritsa et al. 2009; Morant et al. 2007a). 

Coexpression analysis resulted in the identification of PKSA and PKSB, which are coexpressed with  
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ACOS5 (Dobritsa et al. 2010; Kim et al. 2010). Recombinant PKSA and PKSB generated tri and 

tetraketide -pyrones in vitro from a broad range of ACOS5-catalyzed products and malonyl-CoAs 

(Kim et al. 2010). A mutation of either PKSA or PKSB results in abnormal exine patterning, and the 

double pksa pksb mutant lacked exine deposition and subsequently collapsed, causing male sterility 

(Dobritsa et al. 2010; Kim et al. 2010). PKSA and PKSB work downstream of ACOS5 

(Grienenberger et al. 2010; Kim et al. 2010). TKPR1 is also coexpressed with ACOS5 (Tang et al. 

2009), and recombinant TKPR1 reduces the ketone functional group of tetraketide -pyrones 

produced by PKSA and PKSB in the presence of NADPH. Male sterility and severely malformed 

exine are observed in tkpr1 mutants, implying that TKPR1 plays a crucial role in sporopollenin 

biosynthesis, acting downstream of PKSA and PKSB (Grienenberger et al. 2010).  

  Lallemand et al. (2013) demonstrated the colocalization and interactions of ACOS5, CYP703A2, 

CYP704B1, PKSA, PKSB, and TKPR1 in the ER of tapetum. All these enzymes are encoded by 

genes that were found to be clustered together (Fig. 5; Pearce et al. 2015), and are thought to 

catalyze a series of biosynthetic reactions yielding polyhydroxylated tetraketide -pyrones in the ER 

of tapetum, which serve as sporopollenin precursors (Grienenberger et al. 2010; Quilichini et al. 

2014b). Polyhydroxylated tetraketide -pyrones likely enable the formation of ester and ether 

linkages with other units such as phenylpropanoids (Dobritsa et al. 2009; Morant et al. 2007a). The 

biosynthetic pathway from fatty acids to sporopollenin units is hypothesized to have arisen early in 

land plant evolution, putative orthologs of ACOS5, CYP703A2, CYP704B1, PKSA, and PKSB having 

been found in spreading earthmoss, gymnosperms, and angiosperms (de Azevedo Souza et al. 2008, 

2009; Grienenberger et al. 2010; Kim et al. 2010; Morant et al. 2007a; Varbanova et al. 2003).  

  Several genes encoding enzymes that participate in the phenylpropanoid pathway also affect the 

composition of exine, i.e., CINNAMATE 4-HYDROXYLASE (C4H) and 

4-COUMARATE-COENZYME A LIGASE 3 (4CL3) (Quilichini et al. 2015). The initial three 

reactions in the general phenylpropanoid pathway catalyzed by phenylalanine ammonia-lyase (PAL), 

C4H, and 4CL are essential for the synthesis of flavonoids, monolignols, sinapate esters, and lignans 

(Fraser and Chapple 2011; Vogt 2010). The mutations in C4H and 4CL3 result in deficiencies in 

sporopollenin deposition, with notable reduction in the flavonoid content (Dobritsa et al. 2011; 

Schilmiller et al. 2009). Spermidine hydroxycinnamoyltransferase (SHT) catalyzes the conjugation 

of spermidine to hydroxycinnamoyl-CoA, with substrate preference for p-coumaroyl-, caffeoyl-, and 

feruloyl-CoAs (Dobritsa et al. 2011; Grienenberger et al. 2009). The sht knockout mutant displays 

the abnormally crushed phenotype of pollen grains, indicating that the hydroxycinnamoylspermidine 

derivatives are also components of sporopollenin (Fig. 5; Grienenberger et al. 2009).  
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Translocation from tapetum to microspores  

  In plants with secretory tapeta, the spatial separation of microspores from the tapetum requires the 

translocation of sporopollenin precursors during pollen wall development. Several Arabidopsis 

ATP-binding cassette G (ABCG) transporters are specifically expressed in tapetal plasma membrane 

and implicated in the transport of sporopollenin precursors (Zhao et al. 2016). For example, 

ABCG26 has been identified in Arabidopsis, which is responsible for the transport of tetraketide as a 

sporopollenin precursor from the tapetum to the surface of microspores (Kuromori et al. 2011; 

Quilichini et al. 2010, 2014b). The abcg26 mutant lacks exine and exhibits severely reduced male 

fertility (Quilichini et al. 2010). Similarly, ABCG1 and ABCG16 are hypothesized to be the 

transporters of sporopollenin precursors, which are required for nexine development (Yadav et al. 

2014). Rice ABCG15, an ortholog of Arabidopsis ABCG26, was shown to be required for exine 

formation, suggesting the role of ABCG in the transport of sporopollenin precursors to be conserved 

(Niu et al. 2013; Qin et al. 2013).  

  Arabidopsis ABCG9 and ABCG31 transporters localize to the tapetal plasma membrane (Choi et 

al. 2014). Neither of the single mutants abcg9 or abcg31 displayed any visible defects, whereas the 

double mutant abcg9 abcg31 exhibited an incomplete pollen coat, indicating the collaborative 

function of ABCG9 and ABCG31 (Choi et al. 2014). ABCG9 and ABCG31 may participate in the 

specific transport of steryl glycosides from the tapetum to the pollen coat, as steryl glycosides in the 

double mutant pollen are reduced to about half amount of wild type level (Choi et al. 2014).  

  Several lipid transfer proteins (LTPs) have been noted for their anther- or tapetum-specific 

expression pattern in Arabidopsis and rice (Huang et al. 2009; Jiang et al. 2012; Li et al. 2017a). For 

example, ARABIDOPSIS THALIANA ANTHER 7 (ATA7), encoding an LTP-related protein, 

expresses tapetum-specifically after meiosis (Rubinelli et al. 1998). The expression of three genes 

encoding type III LTPs (At5g62080, At5g07230, and At5g52160) are also restricted to the tapetum 

(Huang et al. 2013). At the early tetrad stage, the type III LTP (At5g62080) appears in the tapetum; 

it is subsequently secreted via the ER-trans-Golgi network machinery into the locule, and then 

accumulates on the microspore surface to remain as a component of exine (Huang et al. 2013). The 

double RNAi silencing of At5g62080 and At5g07230 exhibited abnormal intine and 

dehydration-sensitive pollen, presumably as a consequence of abnormality in exine (Huang et al. 

2013). Either LTPs-alone or -bound sporopollenin precursors appear to be assembled into exine.  

  Altogether, polyhydroxylated tetraketide -pyrones yielded by the sequential enzymatic reactions 

of ACOS5, CYP703A2, CYP704B1, PKSA, PKSB, and TKPR1 or further modified precursors by 

unknown reactions are transported into the anther locule, possibly by the ABCG transporters and/or 
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the LTPs, for in vivo polymerization into the exine (Fig. 5; Quilichini et al. 2015). However, the 

mechanism underlying transport of sporopollenin precursors such as hydroxycinnamoylspermidine 

derivatives remains elusive (Quilichini et al. 2015; Zhao et al. 2016).  

 

 

1.4. Pollen coat 

 

  The pollen of many plant species is characterized by a lipidic extracellular coating, and accounts 

for as much as 10–15% of the total mass of a pollen grain (Piffanelli et al. 1997). There are two 

types of pollen coat: pollenkitt, most common in angiosperms; and tryphine, which appears to be 

restricted to Brassicaceae (Pacini and Hesse 2005). Both types of pollen coats originate from the 

tapetum, but pollenkitt differs from tryphine in the ontogenesis and also in that tryphine contains 

remnants of tapetal organelles (Pacini 1997; Punt et al. 2007).  

  In the case of pollenkitt, the whole process of degeneration occurs inside the tapetal protoplasts 

(Hesse 1981). The tapetal plasma membrane ruptures after all the tapetal organelles have 

degenerated and intermingled, at the final stage of pollen maturation (Pacini and Hesse 2005). 

Pollenkitt can coexist with Ubisch bodies, whereas tryphine has never been observed with those 

(Pacini and Hesse 2005). In the case of tryphine, the tapetal plasma membrane disappears during the 

microspore period to disperse their cytoplasmic contents including intact organelles in the anther 

locule (Pacini and Franchi 1992, 1993; Piffanelli et al. 1998). The contents merge around the pollen 

grains and degenerate into tryphine (Pacini and Hesse 2005); hence, tryphine is usually less 

homogenous compared to pollenkitt (Murphy 2006; Pacini and Hesse 2005). Pollenkitt is produced 

by the tapetum, irrespective of its type (secretory and amoeboid), whereas tryphine is always 

produced by amoeboid tapetum (Pacini 1997).  

  Pollenkitt is a hydrophobic mixture of saturated and unsaturated lipids, pigments, carbohydrates, 

and proteins (Dickinson et al. 2000; Gong et al. 2015; Gould and Lister 2006; Hesse 1993; Lunau 

1995; Parkinson and Pacini 1995; Santos et al. 2003; Weber 1996; Wiermann and Gubatz 1992). 

Although the chemical composition seems to vary between plant species, it has been little studied 

(Pacini and Hesse 2005). Tryphine is a complex mixture of hydrophobic and hydrophilic (Dickinson 

and Lewis 1973; Parkinson and Pacini 1995) neutral lipids, volatile lipid derivatives, free fatty acids, 

very-long-chain wax esters, flavonoids, alkanes, and hydroxycinnamoylspermidine derivatives 

(Dobson 1988; Quilichini et al. 2015; Rejón et al. 2016; Wu et al. 1997, 1999; Zinkl et al. 1999), as 

well as a number of proteins, the majority of which are either oleosin or self-incompatibility proteins 
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(Kim et al. 2002; Mayfield et al. 2001; Piffanelli and Murphy 1998). Many of these components 

accumulate in tapetosomes and elaioplasts during pollen development (Quilichini et al. 2015; 

Section 1.3).  

  Despite the differences in ontogenesis and constitution of pollenkitt and tryphine, they share many 

functions (Hesse 2000, 2010; Pacini and Franchi 1993; Pacini and Hesse 2005), as described below.  

 

Adhesion  

  The pollen coat is responsible for holding the pollen grain onto the anther wall, until dispersal; 

even in upside down anthers such as the blue passionflower, and vertical anthers such as the bear’s 

breeches (Pacini and Hesse 2005). In the dandelion, the pollenkitt-coated pollen grains show 

significantly higher adhesive force in the range of 190–310 nN, compared to approximately 45 nN of 

the corresponding pollen without pollenkitt (Lin et al. 2013). Pollen surface morphology (size and 

shape of echinate or reticulate ornamentations) also contributes to the adhesive force (Lin et al. 

2013), in addition to the physicochemical properties of the pollen coat. Similarly, pollen coat enables 

pollen to adhere to pollinator bodies and stigma (Heizmann et al. 2000). For example, honeybees 

(Apis mellifera) can collect only half as many pollen grains when the pollenkitt is removed (Amador 

et al. 2017). Stigma exudates, mainly composed of lipids and proteins, are also expected to facilitate 

the adhesion (Rejón et al. 2014).  

 

Protection of male gametes  

  The pollen coat must also protect the male gametes. Pollen grains are susceptible to excessive 

dehydration (Franchi et al. 2011; Taylor and Hepler 1997), and the hydrophobic pollen coat protects 

them against desiccation to a far greater extent than exine (Edlund et al. 2004; Murphy 2006). This 

property is imparted mainly by the lipidic components of pollen coat; for example, three fatty acids 

(palmitic acid, linolenic acid, and stearic acid) of rice pollenkitt have been reported to be responsible 

for preventing excessive dehydration (Xue et al. 2018).  

  Most plant species undergo anthesis during the day, so that pollen is exposed to sunlight. 

Ultraviolet (UV) radiation, especially UV-B, can damage plants (Jansen et al. 1998; Section 7), and 

reductions in pollen viability under excessive UV-B radiation has been observed in many taxa (Feng 

et al. 2000; Torabinejad et al. 1998; Zhang et al. 2014). Flavonoids, with absorption maxima in the 

UV-B region, have been identified as major pigments in pollen coat (Linskens 1964), which has 

been hypothesized to protect pollen against UV radiation (Harborne and Williams 2000; Pacini and 

Hesse 2005). In Arabidopsis, a mutation in TRANSPARENT TESTA 4 (TT4) yielded pollen grains 
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considerably more susceptible to UV-B irradiation than wild-type; given that the TT4 gene encodes 

chalcone synthase, a key enzyme of flavonoid biosynthesis, this suggests that flavonoids in tryphine 

protect pollen from solar UV-induced damage (Hsieh and Huang 2007).  

 

Attraction of pollinating animals  

  Flower visitors exhibit positive behavioral reaction to the visual cue of pollen (Lepage and Boch 

1968; Lunau 1988, 1991, 1992, 2000; Lunau and Wacht 1994). Pollen varies in color, depending on 

plant species; violet, blue, green, yellow, red, as well as a variety of intermediate colors are all 

known (Reiter 1947), and these colors serve as a visual cue to pollinators (Lunau 2000; Nicholls and 

Hempel de Ibarra 2014). Yellow is by far the most common color, derived from flavonoids and 

carotenoids (Lunau 1995; Wiermann and Vieth 1983), and the following compounds have been 

identified as yellow pigments in pollen coats: kaempferol, quercetin, isorhamnetin, myricetin, 

taxifolin, and their derivatives (all flavonoids) (Ceska and Styles 1984; Tomás-Lorente et al. 1992; 

Wiermann 1981; Zerback et al. 1989); and - and -carotenes, flavoxanthin, antheraxanthin, lutein, 

and auroxanthin (all carotenoids) (Stanley and Linskens 1974). Anthocyanins, such as the glycosides 

of delphinidin, petunidin, pelargonidin, cyanidin, and malvidin, are responsible for the coloration of 

blue pollen, i.e., the tree fuchsia, the poppy anemone, and the Paterson's curse (Di Paola-Naranjo et 

al. 2004; Stanley and Linskens 1974; Webby and Bloor 2000).  

  Pollen odor, which originates from pollen coat, can be an olfactory cue to pollinators in addition 

to those provided by flower itself (Dobson 1988; Dobson and Bergström 2000; Nicholls and Hempel 

de Ibarra 2016). Bees are capable of distinguishing pollen odors from that of the whole flower (Carr 

et al. 2015; Dobson et al. 1999), implying that pollen and flowers exude odor bouquets that differ in 

composition (Dobson and Bergström 2000; Dobson et al. 1996). Chemical analyses of the pollen 

headspace have identified three major classes of volatile compounds: fatty acid derivatives, 

isoprenoids, and benzenoids; the exact composition of which is species-specific (Dobson and 

Bergström 2000; Knudsen et al. 1993). For example, the hexane extract of pollenkitt of the Japanese 

rose contains pentadecane, 2-tridecanone, tetradecanal, hexadecanal, tetradecyl acetate, hexadecyl 

acetate, isoprenoids (geranial, geraniol, geranyl acetone, citronellyl acetate, neryl acetate, geranyl 

acetate, and -farnesene), and benzenoids (2-phenyl ethanol, methyleugenol, eugenol, and 

2-phenylethyl acetate) (Dobson 1987; Dobson and Bergström 2000). Pollen-derived olfactory cues 

have been shown to elicit the foraging behavior of social (A. mellifera and B. terrestris) and solitary 

(Colletes fulgidus) bees, and beetles (Bruchus pisorum, Zygogramma bicolorata, and Meligethes 

aeneus) (Beekman et al. 2016; Charpentier 1985; Dobson 1987; Dötterl and Vereecken 2010; 
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Jayanth et al. 1993; Konzmann and Lunau 2014; Lunau 2000; Pernal and Currie 2002).  

 

Defense against predators and microbial infection  

  Pollen odorants such as 2-undecanone and 2-tridecanone are known to repel predators such as 

insects (Farrar et al. 1992; Kennedy et al. 1991; Marr and Tang 1992; Maluf et al. 1997). Pollen odor 

of anemophilous species, the dropwort, the sheep's sorrel, and the queen sago, contains greater 

proportion of -methyl alcohols and -methyl ketones than that of zoophilous species (Dobson et al. 

1996; Pellmyr et al. 1991), which is hypothesized to serve in defense by Dobson and Bergström 

(2000). Similarly, hydroxycinnamoylspermidines such as N',N''-di-coumaroyl, -caffeoyl, and 

-feruloylspermidines, are found in pollenkitt of various taxa and in the tryphine of Arabidopsis 

(Martin-Tanguy et al. 1978; Meurer et al. 1988a, b; Grienenberger et al. 2009; Walters et al. 2001), 

and impart anti-fungal and anti-viral activities (Martin et al. 1978; Mayama et al. 1981; von 

Röpenack et al. 1998; Walters 2003; Walters et al. 2001).  

 

Pollen-stigma recognition  

  Pollen coat also serves as the medium through which signaling takes place between the stigma and 

pollen grain (Heslop-Harrison 1975). One such signaling process is the self-incompatibility (SI) 

response, a self- and nonself-recognition process between pollen and pistil that is followed by 

selective inhibition of the self-pollen tube development (Murphy 2006; Takayama and Isogai 2005; 

Section 2). Both the female and male determinants were first identified in the tryphine of the 

Brassicaceae. The main component of tryphine involved in the recognition and genetic 

incompatibility response is a peptide (6kDa), called S-locus protein 11 (SP11) or S-locus Cys-rich 

protein (SCR) (Hiscock 2000; Schopfer et al. 1999; Takayama et al. 2000; Section 2 about SI). The 

female determinant is the S-locus receptor kinase (SRK), a membrane-spanning Ser/Thr receptor 

kinase, that is localized to the plasma membrane of stigmatic papilla cells (Takasaki et al. 2000). A 

specific interaction between SP11/SCR and SRK from the same S-haprotype induces the 

incompatibility response in the stigma, leading to the rejection of self-pollen (Kachroo et al. 2001; 

Shimosato et al. 2007; Takayama et al. 2001). Several candidate downstream molecular components 

of the SP11/SCR-SRK self-recognition rejection pathway have been identified, such as M-locus 

protein kinase (MLPK; Murase et al. 2004) and Arm repeat containing 1 (ARC1; Gu et al. 1998; 

Stone et al. 1999); however, the molecular mechanisms associated with the self-pollen rejection 

remain unclear (Fujii et al. 2016). Recent studies also identified the male determinant in the 

pollenkitt of the Rosaceae, Solanaceae, and Plantaginaceae as S-locus F-box (SLF) proteins, all of 
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which share the same female determinant S-RNase (Takayama and Isogai 2005).  

 

Medium at pollen-stigma interface  

  Within a few minutes of deposition of a pollen grain onto the stigma, the pollen coat flows out 

from the exine and migrates to the pollen-stigma interface (Elleman and Dickinson 1990; 

Kandasamy et al. 1994), a process known as coat conversion (Dickinson and Elleman 1985; Elleman 

and Dickinson 1986). This reorganization is followed by pollen hydration (Firon et al. 2012). The 

pollen coat is thought to play a role in establishing a conduit that allows water transport from the 

stigmatic cells, as deficiencies in tryphine lipids lead to the hydration defects in Arabidopsis mutants 

(Fiebig et al. 2000; Hülskamp et al. 1995; Preuss et al. 1993).  

  Following hydration, the pollen grain, which initially contains a relatively uniform distribution of 

organelles, undergoes a cytological reorganization that determines the polarity of pollen tube 

emergence (Kandasamy et al. 1994). Within 20 minutes of pollination, a pollen tube emerges 

through an aperture adjacent to the stigma surface (Johnson and Preuss 2002) and invades the 

expanded papillar cell wall (Kandasamy et al. 1994). Xylanase and -glucanase are identified from 

pollenkitt of maize, which hydrolyze the stigma wall for pollen tube entry (Suen and Huang 2007; 

Suen et al. 2003; Wu et al. 2002).  

 

 

 

2. Pollination mechanisms and pollinators 

 

  Pollination can be accomplished by self-pollination or cross-pollination. Self-pollination occurs 

when the pollen is deposited on the female part of genetically identical flower (Acquaah 2012). 

There are three mechanisms by which self-pollination can take place: autogamy, wherein pollen 

from one flower is transferred to the female part within the same flower (Frankel and Galun 1977); 

geitonogamy, wherein pollen is transferred from one flower to the female part of another flower of 

the same species (de Jong et al. 1993); and cleistogamy, wherein pollen is transferred to the female 

part before anthesis (Barrett 2010; Lord 1981). Self-pollination is generally accomplished without 

any biotic pollinator.  

  Cross-pollination (allogamy) is the pollen transfer from the stamen of one flower to the female 

part of another flower on a different individual that is not genetically identical (Acquaah 2012). 

Sexual reproduction in many plant species involves self-incompatibility (SI), which enables the pistil 
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to recognize and reject self-pollen or pollen from genetically related individuals (Silva and Goring 

2001; Watanabe et al. 2012). SI serves to prevent inbreeding, promotes outcrossing by 

cross-pollination (Barrett 2002; Kumar and McClure 2010; Takayama and Isogai 2005), and has 

been reported in more than 100 families (i.e., Brassicaceae, Rosaceae, Scrophulariaceae, Solanaceae, 

and Papaveraceae) and an estimated 39% of flowering plant species (Igric et al. 2008). 

Cross-pollination is important even in self-compatible species to ensure the genetic diversity (Kumar 

and McClure 2010), and generally depends on external pollinating agents such as bees. 

  There are two major modes of pollen dispersal: abiotic, which relies on wind and water (Cox 

1988); and biotic, wherein pollination is carried out by animals such as insects, birds, mammals, and 

reptiles (Abrol 2012; Fægri and van Pijl 1979).  

  Wind pollination (anemophily) is the dominant type of abiotic pollination (wind:water = 98:2) 

(Abrol 2012; Ackerman 2000). Anemophilous species are generally unisexual (either monooecious 

or dioecious) (Abrol 2012), and include almost all gymnosperms, such as pines, firs, and spruces 

(Owens et al. 1998; Lu et al. 2011). As abiotic pollination is an inefficient process, anemophilous 

plants have morphologically adapted to maximize pollen dispersal. The ratio of pollen to ovules 

(P/O) is substantially higher in anemophilous species (median = 22,150:1, quartiles = 9,238:1 and 

36,000:1) than those in zoophilous species (median = 3,450:1, quartiles = 1,550:1 and 7,338:1) 

(Cruden 2000). At least 10% of angiosperms are anemophilous, i.e., grasses, sedges, and rushes 

(Ackerman 2000; Friedman and Barrett 2009; Whitehead 1968). Several plants such as the maize 

and the oak are pollinated by both wind and insect (ambophily) (Tchuenguem Fohouo et al. 2004; 

Radmacher and Strohm 2010; Saunders 2018).  

  Water pollination (hydrophily) is another mode of abiotic pollination, and achieved either on the 

water surface (ephydrophily) or in the water (hyphydrophily) (Cox 1988; Du and Wang 2014; 

Ernst-Schwarzenbach 1944). Ephydrophilous species are common in freshwater and in shallow 

coastal habitats. Hyphydrophily occurs through water currents in a limited number of aquatic plants, 

i.e., the horned pondweed and the Scouler's surfgrass (Cox and Tomlinson 1988; Guo et al. 1990; 

Cox et al. 1992). Previously, seagrasses were regarded as universally hydrophilous; however, 

benthos pollination (zoobenthophily) was recently discovered to take place in tropical seagrass (van 

Tussenbroek et al. 2016). The exine of pollen grains of hydrophilic plants is generally reduced, so 

the grains themselves are less rigid compared to those of terrestrial plants (Cox 1988; Pettitt and 

Jermy 1975).  

  Animal pollination (zoophily) is estimated to be required by 87.5% of all angiosperms to 

reproduce (Ollerton et al. 2011). More than 100,000 animal species play roles in pollinating 250,000 
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flowering plant species on the Earth (Abrol 2012).  

  Insect pollination (entomophily) is achieved by diverse groups as follows: beetles (cantharophily), 

flies (myophily), wasps (sphecophily), bees (melittophily), ants (myrmecophily), butterflies 

(psychophily), moths (phalaenophily), and thrips (Abrol 2012; Rader et al. 2015; Ollerton 2017). 

The pollination of approximately 75% of crop species and up to 94% of wild flowering species 

depends on insects (Klein et al. 2007; Vanbergen and The Insect Pollination Initiative 2013).  

Insect pollinators can be divided into two categories: generalist and specialist (Johnson and Steiner 

2000; Kevan and Baker 1983; Ollerton et al. 2007). Most pollinators exploit floral resources from a 

variety of plant species; for example, about 70% of bee species are polylectic (Minckley and 

Roulston 2006; Bosch et al. 2009). Specialists visit only one host species, and have evolved 

specialized morphological and/or behavioral characteristics to effectively forage from these specific 

host plants (Bernays 1998). Similarly, most zoophilous plant species can be divided into generalist 

and specialist. Generalist plants have adapted to attract a wide variety of different pollinators. 

Specialist plants have often coevolved with a single type of pollinator (Herrera 1996), for example, 

figs and fig wasps (Wiebes 1979).  

  In areas with limited insect populations and activities, such as particularly hot, cold, dry, wet and 

isolated environments, birds serve as essential pollinators (Cruden 1972; Cronk and Ojeda 2008). 

Bird pollination (ornithophily) is mediated by over 1,000 avian species, such as hummingbirds 

(trochilophily), honeyeaters, sunbirds, white eyes, and parrots (Cronk and Ojeda 2008; Fang et al. 

2012; Huang et al. 2018; Regan et al. 2015).  

  Mammal pollination (therophily) is accomplished by both flying and non-flying mammals 

(Rourke and Wiens 1977). Bats are the only mammals capable of flight. Bat pollination 

(chiropterophily) occurs in about 250 genera of plants; and is far less common than ornithophily 

(Sekercioglu 2006): at least six families of tropical and subtropical birds visit flowers for feeding 

nectar; compared with only two families of bats, Pteropodidae and Phyllostomidae, which inhabit 

the tropical and subtropical regions of Africa, Asia, America, Australia, Papua New Guinea, and 

certain Pacific islands (Fleming and Muchhala 2008; Fleming et al. 2009). Bats are effective 

pollinator especially in habitats where insect activity is limited by harsh climatic conditions, i.e., on 

tropical mountains, rainforest, and swampy habitats (Abrol 2012). Flower-visiting bats bear sharp 

snouts and long tongues, adapted for feeding nectar (Fleming et al. 2009). Non-flying mammals, 

such as marsupials (metatherophily), primates, and rodents (sminthophily) are involved in 

pollination in Australia, Africa, and South America (Carthew and Goldingay 1997). Inflorescences 

and flowers of certain members of Proteaceae and Myrtaceae in Australia are suggested to be 
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adapted to pollination by marsupials, rats, and squirrels (Rourke and Wiens 1977). In South Africa, 

the Northern vampire cup has shown to be sminthophilous, and the short-snouted elephant shrew and 

the striped field mouse are identified as its pollinators (Johnson et al. 2011). Primates have been 

identified or suspected as pollinators due to their feeding nectar on flowers, and the foraging 

behavior of pollinating primates is often nondestructive (Gautier-Hion and Maisels 1994; Pavé et al. 

2009; Heymann 2011). However, the knowledge of pollination by the non-flying mammals are still 

rudimentary (Mayer et al. 2011; Abrol 2012).  

  Several species of lizards, such as the Madeiran wall lizard, Duvaucel's gecko, and Round Island 

skink also contribute to pollination and seed dispersion, while feeding on nectar and fruits (Whitaker 

1987; Olesen and Valido 2003; Ortega-Olivencia et al. 2012). Previously, lizard pollination was 

considered to be rare, since most lizard species are carnivorous; it is only recently that their 

important contributions have come to light (Olesen and Valido 2003).  

 

 

 

3. Pollination as an ecosystem service 

 

  Ecosystem services are the benefits to human welfare derived from organisms interacting in 

ecosystems; and are categorized as follows: regulating services, provisioning services, cultural 

services, and supporting services (Millennium Ecosystem Assessment 2003, 2005). Regulating 

services are benefits obtained from the regulation of ecosystem processes, i.e., climate regulation, 

disease regulation, water regulation, water purification, and pollination. Provisioning services are 

products obtained from ecosystems, i.e., food, fresh water, fuelwood, fiber, biochemicals, and 

genetic resource. Cultural services are nonmaterial benefits obtained from ecosystems, i.e., spiritual 

and religious, recreation and ecotourism, aesthetic, inspirational, educational, sense of place, and 

cultural heritage. Supporting services are services necessary for the production of all other 

ecosystem services, i.e., soil formation, nutrient cycling, pollination, and primary production.  

  Pollination, a regulating service, is greatly beneficial to humans both directly (fruit and seed 

production of crop plants such as alfalfa, apple, cherry, blueberry, raspberry, melon, cucumber, 

canola, cotton, longan, macadamia, squash, soy, and sunflower (Jha et al. 2013; Klein et al. 2007)); 

and indirectly (the reproduction of tree species valued for timber, crops in which the vegetative parts 

are consumed, and vegetatively propagated crops wherein pollinators are required only for breeding) 

(Jha et al. 2013; Klein et al. 2007; Kondo et al. 2016; White et al. 2002).  
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4.3
billion
USD

Managed bumblebees
Other managed pollinators

Managed honeybees

Wild pollinators

ba

  As a supporting service, pollination is essential to maintain populations of pollinator-dependent 

wild plants (Aguilar et al. 2006), and then contribute to the additional ecosystem services through 

the maintenance, such as erosion control, water filtration, carbon storage, and habitat for biodiversity 

(Jha et al. 2013; Kreman et al. 2007).  

  Recently, economic value of pollination service attracts a high degree of attention. The 

contribution of pollination services to global agriculture has been increasing for the last decades. 

Lautenbach et al. (2012) estimated the global economic value of wild and managed pollination 

services at 361 billion USD annually, based on 2009 market prices. In Japan, the economic value of 

pollination services to crop production was valued at about 4.3 billion USD annually in 2013, which 

corresponded to 8.3% of gross agricultural production of Japan (Konuma and Okubo 2015).  

  Although many of the highest volume crops such as rice and wheat are anemophilous (Ghazoul 

2005), a large proportion of fruit crops are entomophilous. For example, pollination of rapeseed 

(Brassicaceae); melon, watermelon, and pumpkin (Cucurbitaceae); apple, pear, strawberry, peach, 

cherry, and apricot (Rosaceae); coffee (Rubiaceae); grapefruit (Rutaceae); eggplant and tomato 

(Solanaceae) are highly dependent on insects (Gallai et al. 2009; Klein et al. 2007). Zoophily 

directly affects the yield and/or quality of approximately 75% of globally important crop types, 

including most fruits and seeds (Potts et al. 2016). An estimated 5–8% of global crop production 

would be lost in the absence of animal pollinators (Aizen et al. 2009). In particular, a lot of the 

Rosaceae crops, such as almond, apple, apricot pear, and plum, are self-incompatible, and therefore 

cross-pollination with another cultivar by pollinating agents is crucial for the formation of fruit 

(Hegedűs et al. 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Contributors to pollination services in Japan, 2013. (a) Composition of contributors to 

pollination services (revised from Fig. 1 in Konuma and Okubo 2015). (b) Carpenter bee visiting the 

Cherokee rose (Rosa laevigata). 
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  Bees are among the most important pollinators, visiting more than 90% of the leading 107 global 

crop species (Klein et al. 2007). Over 20,000 bee species have been discovered worldwide (Potts et 

al. 2016), of which about 12 species are commonly managed for crop pollination, i.e., honeybees (A. 

mellifera and A. cerana), bumblebees (Bombus terrestris and B. ruderatus), the red mason bee 

(Osmia bicornis), and the leafcut bees (Megachile rotundata) (Gruber et al. 2011; Mallinger et al. 

2017; Russo 2016). Non-bee wild insects are increasingly recognized for their contribution to global 

pollination services, i.e., flies, butterflies, moths, beetles, thrips, ants, and wasps (Garibaldi et al. 

2013; Peñalver et al. 2012; Rader et al. 2015). Indeed, in Japan, 70.4% of pollination services are 

provided by wild pollinators, and the remaining 29.6% is by managed honeybees (15.4%) and 

bumblebees (1.1%), wild honeybees (5.8%), and other managed pollinators (7.3%) (Fig. 6; Konuma 

and Okubo 2015). Vertebrates are also important pollinators, responsible for about 63% of the fruit 

and seed production of zoophilous plants (Ratto et al. 2018). 

  A number of studies have addressed recent declines in the population of both wild and managed 

pollinators, with parallel declines in pollinator-dependent plants (Garibaldi et al. 2013; Potts et al. 

2010). Habitat loss and fragmentation, agrochemicals, pathogens, alien species, and climate change, 

lack of flowers are all hypothesized to be contributory factors (Goulson et al. 2015; Potts et al. 2010; 

Stanley et al. 2015).  

 

 

 

4. Color vision system of pollinators 

 

4.1. Structure of compound eyes 

  Most insects possess a pair of compound eyes, composed of up to several thousand of ommatidia, 

each of which contains a cluster of photoreceptor cells surrounded by support cells and pigment cells, 

and overlaid with a transparent cornea (Land and Chittka 2013). For example, in the worker 

honeybee (A. mellifera), each compound eye consists of about 5,500 ommatidia, with an 

interommatidial angle of approximately 1.0–1.8° (Barlow 1952). Spatial resolution of compound 

eyes is defined by interommatidial angles, optical quality, and rhabdom dimensions (Land 1997). 

Compound eyes can be categorized into two basic types: apposition eye, where the photoreceptors 

reside within the ommatidium that are isolated from each other; and the superposition eye, where the 

optical apparatus of the facets is separated from the array of photoreceptors by a clear zone with 

many facets acting together as a single optical device (Borst 2009). Apposition eyes are most 



 

 25 

common in diurnal species such as ants, bees, butterflies, dragonflies, grasshoppers, wasps, whereas 

superposition eyes are usually found in nocturnal insects such as beetles and moths (Borst 2009; 

Warrant 2017).  

  The cuticle covering the ommatidia is colorless and transparent, and usually forms a biconvex 

corneal lens (i.e., approximately 15–20 m in diameter in honeybees; Srinivasan 2010). The corneal 

lenses are usually closely packed together, with an array of hexagonal facets (Kim et al. 2016). 

Beneath the corneal lenses, there are four cells, called Semper cells, which produce a second lens, 

the crystalline cone, in many species (Land and Chittka 2013). The crystalline cones are usually 

surrounded by primary and secondary pigment cells (Gullan and Cranston 2010). Generally, each 

ommatidium houses eight (in some cases, nine) photoreceptor cells (retinula cells) (Land and Chittka 

2013). For example, there are eight photoreceptors (R1–R8) in Drosophila, and nine (R1–R9) in 

Apis and Papilio (Arikawa 2003; Skrzipek and Skrzipek 1973; Vorobyev and Hempel de Ibarra 

2012). Each photoreceptor cell extends microvilli toward the central axis of the ommatidium, which 

collectively forms a rhabdomere (Land and Chittka 2013). The visual pigment, rhodopsin, is located 

within the microvillar membrane and involved in visual phototransduction (Gutierrez et al. 2011; 

Section 4.2). The photoreceptor cells within each ommatidium penetrate the basal membrane as 

retinal axons that project to the lamina for further processing. Visual information is then conveyed to 

the next ganglion, the medulla, and eventually to the lobula, where complex analysis of the image 

takes place, leading to the perception of color, shape, and motion (Chittka and Niven 2009; 

Srinivasan 2010).  

 

 

4.2. Visual pigments 

 

  Rhodopsins, ligh-sensitive biological pigments, are located in microvillar membrane and 

composed of a chromophore, retinal, covalently bound to the -amino group of a Lys residue of a 

G-protein, opsin, via a protonated Schiff base linkage (Arikawa and Stavenga 2014; Terakita 2005). 

The protonated Schiff base is stabilized by a Tyr residue that functions as a counterion (Gutierrez et 

al. 2011). In vertebrates, the chromophore is commonly 11-cis retinal (vitamin A1), but many insects 

use 11-cis 3-hydroxyretinal (vitamin A3) (Fig. 7; Vogt and Kirschfeld 1983). Phototransduction is 

initiated by the absorption of a single photon by 11-cis chromophore. Light causes 

photoisomerization of the chromophore from 11-cis to all-trans configuration, which causes 

conversion of rhodopsin into the active metarhodopsin state via a few thermally unstable 
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1992). Butterflies and moths often have sophisticated color vision (Arikawa et al. 1987; Briscoe 

2008; Briscoe et al. 2003; Koshitaka et al. 2008; Wakakuwa et al. 2004), which appears to have 

evolved from an ancestral trichromacy (Chen et al. 2016; Osorio and Vorobyev 2008). For example, 

the eye of the Japanese yellow swallowtail butterfly contains five opsins: PxUV, PxB, and three 

long-wavelength PxL1–3 (Kitamoto et al. 1998, 2000), generating VSWS (max 360 nm), SWS (max 

460 nm), and long wavelength sensitive (LWS: L1 515 nm; L2 530 nm; and L3 575 nm) 

photopigments (Arikawa et al. 1987, 2003; Briscoe 2008; Koshitaka et al. 2008).  

  Bird eyes have four classes of photopigments in their cone cells: UVS/VS (max 362–426 nm), 

SWS (max 430–463 nm), MWS (max 497–510 nm), and LWS (max 543–571 nm), which provide 

them tetrachromacy (Fig. 8; Hart 2001; Ödeen and Håstad 2010). In the eye of human beings, there 

are three classes of photoreceptors responsible for color vision: SWS (max 420 nm), MWS (max 533 

nm), and LWS (max 563 nm), so that the human visible range is about from 400 nm to 700 nm (Fig. 

8; Bowmaker and Dartnall 1980). The major difference in color vision between most pollinators and 

human beings are that pollinators can perceive UV light, which appears to be useful for their 

foraging behavior (Silberglied 1979), as described in Section 5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5 Photoreceptor spectral sensitivities of the western honeybee (Apis mellifera), the house fly (Musca domestica; 

Osorio and Vorobyev 2005), the European starling (Sturnus vulgaris; Hart et al. 1998), the blue peafowl (Pavo 

cristatus; Hart 2002), and the human being (Stockman and Sharpe 2000), normalized to max. 
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5. Pollen-pollinator interaction: rewards and attractants for pollinators 

 

  Zoophilous flowers offer rewards (primary attractants) and advertisements (secondary attractants) 

to attract pollinators (Fægri and van der Pijl 1979).  

 

5.1. Primary attractants 

 

  Rewards are commonly nectar and pollen, which are the main attractants for pollinators (Abrol 

2012). Nectar is the most common source of carbohydrates, and contains sucrose, glucose, and 

fructose (Haydak 1970), as well as small amounts of proteins, amino acids, lipids, vitamins, and 

phenolics (Haydak 1970; Nicolson and Thornburg 2007). For example, a single honeybee (A. 

mellifera) forager transports 20–40 mg of nectar at a time, and a colony of honeybees collects about 

60–1,600 kg of nectar in a year, depending on colony size (Tautz 2008). Pollen is another nutritive 

resource consumed by pollinators, containing proteins, carbohydrates, lipids, free amino acids, 

minerals, vitamins (Roulston and Cane 2000; Stanley and Linskens 1974; Section 1.4). Bees can 

return from a flight with up to 15 mg of pollen, and a medium-sized colony of honeybees collects 

about 20–30 kg of pollen in a year (Tautz 2008).  

  Any pollen-feeding animal can ingest nutrients in extracellular pollen coat, but dismantling and/or 

penetration of the exine and intine is required to access cytoplasmic nutrients. Most animals are 

thought to extract pollen cytoplasmic nutrients through pseudo-germination, osmotic shock, and/or 

penetration of the pollen wall (Grant 1996; Roulston and Cane 2000). For example, adult bees 

possess a crop, the main part of the foregut, in which nectar and pollen may mix (Nation 2016). The 

crop periodically releases its contents through the proventricular valve into the midgut; thus, the 

ingested pollen is subjected to immersion in a sugar solution followed by a decrease in osmotic 

pressure in the midgut (Kroon et al. 1974; Nation 2016). Peng et al. (1985, 1986) histochemically 

examined the digestion process of A. mellifera and observed that the ingested pollen extruded 

cytoplasm at the aperture in the anterior midgut. As the pollen reached the posterior midgut, the 

exine and intine partially degraded, releasing cytoplasmic contents (Peng et al. 1986). Empty pollen 

and exine fragments were observed in the rectum 15 hours after feeding (Peng et al. 1986). These 

authors hypothesized that the digestion process comprised enzymatic partial degradation of exine in 

the anterior midgut, followed by extrusion of the cytoplasm due to osmotic pressure, degradation of 

the intine by proteases, and eventual rupture of the intine by continuous osmotic stress. Heliconius 

butterflies add their saliva, containing proteases, to collected pollen loads, which enables extraction 
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of amino acids and proteins from pollen (Eberhard et al. 2007). Some species of ceratopogonid flies 

and thrips can pierce pollen grains with their mouthpart and suck out the cytoplasmic contents (Kirk 

1984; de Meillon and Wirth 1989; Roulston and Cane 2000).  

 

 

5.2. Secondary attractants 

 

  Advertisements are visual, olfactory, structural, and/or tactile cues that provide information to 

potential pollinators about location of floral rewards (Fægri and van der Pijl 1979; Kevan and Lane 

1985). Pollen-derived visual and olfactory cues are described in Section 1.4.  

 

Olfactory cues  

  Floral odors play diverse roles in interaction between plants and pollinators, even from a distance 

(Raguso 2004), while visual cues appear to be important only in close proximity (a few centimeters 

to a few meters) to flowers (Dafni et al. 1997; Giurfa et al. 1996). Odorants are almost always a 

blend of volatile organic compounds (VOCs) that may be composed of over 100 different 

compounds (Levin et al. 2003). Since Dobson and Hills (1966) first characterized orchid odor with 

GC, over 1,700 VOCs have been identified from nearly 1,000 species and 100 families of flowering 

plants (Knudsen et al. 2006). Floral VOCs can be divided into seven major compound classes: 

aliphatics, benzenoids and phenylpropanoids, C5-branched compounds, terpenoids, 

nitrogen-containing compounds, sulfur-containing compounds, and miscellaneous compounds 

(Knudsen et al. 2006). Monoterpenes are the most common found in all orders. For example, the 

following monoterpenes occur in more than half of families of seed plants: limonene (71%), 

(E)--ocimene (71%), myrcene (70%), linalool (70%), and - (67%) and -pinenes (59%) (Knudsen 

et al. 2006). The following benzenoids, a sesquiterpene, and an irregular terpene are also common: 

benzaldehyde (64%), methyl 2-hydroxybenzoate (57%), benzyl alcohol (56%), 2-phenyl ethanol 

(54%), caryophyllene (52%), 6-methyl 5-hepten-2-one (52%) (Knudsen et al. 2006).  

  The primary function of floral odor in flowering plants is to attract and guide pollinators to 

flowers (Abrol 2012; Raguso 2001). For example, the yellow margin orchid attracts the Japanese 

honeybees (A. cerana japonica) with a mixture of 3-hydroxyoctanoic acid and 

10-hydroxy-(E)-2-decenoic acid (Sugahara et al. 2013). The floral odor of the Northern vampire cup 

is dominated by 3-hexanone, which elicits innate attraction of its pollinator, the striped field mouse 

(Johnson et al. 2011). Some Diptera and bats prefer odors that are unpleasant and pungent to human 
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beings (Bänziger 1996; Goldblatt et al. 2009; Woodcock et al. 2014). Knudsen and Tollsten (1995) 

identified a series of methyl sulfides, such as dimethyltrisulfides, 2,3,5-trithiahexane, and 

2,3,5,7-tetrathiaoctane, from several chiropterophilous plants.  

  As well as attracting pollinators, floral odors can also serve as landing cues, feeding cues, nectar 

guides, and predator repellants, etc. (Pichersky and Gershenzon 2002; Raguso 2008). The role of a 

specific odorant can also depend on stimulus presentation (timing, concentration, background odor, 

etc.) and receiver condition (age, sex, physiological state, or experience) (Raguso 2008). For 

example, the ubiquitous plant VOC methyl salicylate is known to attract male orchid bees 

(Euglossa) (Eltz et al. 2005), attenuate honeybee floral visits (Henning et al. 1992), block courtship 

attempts by the male green-veined white butterflies (Andersson et al. 2000), and elicit hunting 

behavior of carnivorous mites when infested with herbivorous mites (de Boer and Dicke 2004).  

 

Visual cues  

  Flower colors are characterized primarily by wavelength-selective absorbance by pigments in 

chromoplasts or vacuoles (van der Kooi et al. 2016). The major classes of flower pigments are 

flavonoids, including anthocyanins, which produce human-yellow, -red, -violet, -purple, and -blue 

(Harborne and Williams 2000), and carotenoids, which provide principally human-yellow, -orange, 

and -red (Ohmiya 2011). Other classes of chlorophylls (human-green), quinones (human-red and 

-yellow), and betalains (human-yellow, -red, and -purple) are also common in relation to flower 

pigmentation (Abrol 2012).  

  Insect vision generally extends from about 300 nm (UV-B) to 650 nm (human-orange), with some 

exceptions such as Papilio butterflies that are also sensitive to 650–700 nm (human-red) (Briscoe 

and Chittka 2001; Kevan and Baker 1983). Since pollinators possess different visual systems from 

human beings, flower colors should not be categorized according to their color appearance to human 

observers. Chittka (1992) developed the color hexagon (Fig. 9), a generalized color opponent space, 

to categorize flower colors in terms of bee's color vision system. The color locus of given stimuli in 

the hexagon is calculated as follows (Chittka 1992). The sensitivity factor R for each spectral 

photoreceptor class is determined by the equation, 

 
𝑅 =  1/ ∫ 𝐼B(λ) 𝑆(λ) 𝐷(λ) dλ

700

300
 (1) 

where IB () is the spectral reflectance function of the background to which the receptors are 

assumed to be adapted; S () is the spectral sensitivity function of the standard photoreceptor set of 

trichromatic Hymenoptera (Peitsch et al. 1992); and D () is the illuminating daylight spectrum (CIE 
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function, D65). The effective quantum flux for a given stimulus in the respective photoreceptor is 

calculated according to the equation, 

 
𝑃 =  𝑅 ∫ 𝐼S(λ) 𝑆(λ) 𝐷(λ) dλ

700

300
 (2) 

where IS () is the spectral reflectance function of the stimulus. The calculation of physiological 

receptor voltage signals (relative excitations, E) from the quantum catch values is represented by the 

equation, 

 𝐸 = 𝑃/(𝑃 + 1) (3) 

(Backhaus and Menzel 1987; Naka and Rushton 1966). The conversion of E into the x/y coordinates 

of the color hexagon follows: 

 𝑥 = 𝑠𝑖𝑛 60° ∗ (𝐸(𝐺) − 𝐸(𝑈)) (4) 

and 

 𝑦 = 𝐸(𝐵) − 0.5 ∗ (𝐸(𝑈) + 𝐸(𝐺)) (5) 

where E (U), E (B), and E (G) are the photoreceptor signals calculated according to equation (3) for 

the UV-, blue-, and green-photoreceptors. Colors in the hexagon are coded as follows (Chittka et al. 

1994): spectral reflectance functions that result in a predominant stimulation of only one 

photoreceptor class are called bee-UV, blue, and -green, depending on which photoreceptor yields 

the strongest signal; and the reflectance functions that cause strong signals in two spectral receptor 
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Fig. 6 Flower colorimetry. (a) Reflectance spectra of petals of six plant species obtained from The Floral Reflectance 

Database (Arnold et al. 2010): the common dandelion (Co, Taraxacum officinale; human-yellow), the creeping 

bellflower (Cr, Campanula rapunculoides; human-blue), the winter squash (Wi, Cucurbita maxima; human-yellow), 

the dusky cranesbill (Du, Geranium phaeum; human-pink), the Caucasian pincushion flower (Ca, Scabiosa 

caucasica; human-violet), and the European black nightshade (Eu, Solanum nigrum; human-white). (b) Petal color 

loci in bee color hexagon. The color loci were calculated with the R package 'pavo' (Maia et al. 2013), considering 

the honeybee visual system, a standard daylight D65 illumination, and the green vegetation background. 
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classes, but not the third, are called bee-UV-blue, -blue-green, and -UV-green. Unless stated 

otherwise, the color names in the following sections are for human beings.  

  Chittka et al. (1994) analyzed petal colors of 573 plant species collected in Israel, Brazil, Norway, 

and Berlin by reflectance spectra, and categorized them according to the calculated loci in the color 

hexagon. Bee-blue-green petals are the most frequent (33%; human-white, pink, purple, or yellow), 

followed by bee-blue (17%; human-blue, purple, or pink), -green (17%; human-yellow), -UV-green 

(12%; human-yellow), -UV-blue (11%; human-violet, blue, or purple), and -UV (4%; human-red, 

orange, or cream) (Chittka 1997; Chittka et al. 1994). A similar flower color distribution in the color 

hexagon is also reported in Australian native plant species (Dyer et al. 2012). Flower-naïve and 

experienced honeybees (A. mellifera) are known to prefer bee-UV-blue (dominant wavelength  at 

410 nm) and -green ( at 530 nm) (Giurfa et al. 1995; Menzel 1967). Australian native stingless bees 

(Tetragonula carbonaria) have an innate preference for bee-blue and -blue-green stimuli (Dyer et al. 

2016). Bumblebees (B. terrestris) also have preferences for bee-UV-blue and -blue (Chittka et al. 

2004; Raine and Chittka 2005; Raine et al. 2006). As bee-UV-blue and -blue flowers offer nectar 

rewards higher in concentration than species of other colors, these color preferences of bees appear 

to be adaptive (Chittka et al. 2004; Giurfa et al. 1995).  

  For successful pollen transfer, flowers are required to be distinguished from competitors by 

pollinators. Recently, entomophilous and ornithophilous flowers have been shown to significantly 

differ from each other in reflectance characteristics (Lunau et al. 2011; Shrestha et al. 2013). Flower 

color signals appear to be adaptive in the contexts of pollinator abilities to detect and discriminate 

between flowers (Lunau and Maier 1995). Color discriminability of pollinators is best where the 

spectral sensitivities of two photoreceptor classes overlap (Dyer et al. 2011; Kelber et al. 2003; 

Peitsch et al. 1992). For example, honeybees (A. mellifera) discriminate colors particularly well at 

around 400 nm and 500 nm (Chittka 1996; Helversen 1972; Peitsch et al. 1992). Maximal color 

discrimination in the hummingbird occurs near at 425 nm, 490 nm, 555 nm, and 585 nm (Goldsmith 

et al. 1981). Inflection points in reflectance spectra of entomophilous flowers are clustered at around 

400 nm or 500 nm, which are consistent with discrimination optimum wavelengths of Hymenoptera 

(Chittka and Menzel 1992; Dyer et al. 2012; Shrestha et al. 2013). Similarly, inflection points in the 

reflectance spectra of ornithophilous flowers correspond to the discrimination optimum wavelengths 

of avian species (Shrestha et al. 2013). Pollinators obviously use visual cues of flower colors, 

including pollen colors, to forage and are likely to be influential drivers of flower color evolution 

(Dyer et al. 2012; Hopkins and Rausher 2012; Shrestha et al. 2013).  

  Flowers of many species show a UV pattern, called the nectar guide (or honey guide), on their 
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petals, derived from the reflecting apex and absorbing base (Dafni and Kevan 1996; Dyer 1996; 

Gronquist et al. 2001; Penny 1983; Silberglied 1979). For example, the black-eyed Susan is known 

to have nectar guide (Thompson et al. 1972) formed by the local accumulation of the flavonol 

glycosides (quercetin 7-O-glucoside, quercetagetin 7-O-glucoside, patuletin 7-O-glucoside, 

eupatolitin, eupatolitin 3-O-glucoside, kaempferol 3-O-glucoside, and patuletin) in the petal base 

(Schlangen et al. 2009). Similarly, in the burr marigold, chalcones and aurones cause the UV pattern 

on petals (Miosic et al. 2013; Scogin and Zakar 1976). Although these UV patterns are invisible to 

human-beings, the nectar guides serve as a visual cue in hymenopterous pollination systems, in 

combination with the nectaries (Goodale et al. 2014; Jones and Buchmann 1974; Waser and Price 

1983, 1985).  

  Almost all major angiosperms possess nanostructures on the surface of petals; for example, 

parallel cuticular striations are found in several species of Ranunculales, Fabales, Myrtales, Malvales, 

Cornales, Lamiales, and Asterales, which generate angle-dependent scattering color in the UV-blue 

region, termed the 'blue halo' (Moyroud et al. 2017). As the blue halo of artificial striations enhanced 

the foraging efficiency of bumblebees (B. terrestris) even when associated with a yellow or blue 

pigmented background, the halo has been suggested to be highly salient to insect pollinators 

(Moyroud et al. 2017).  

 

 

 

6. Fluorescence in biocommunication 

 

6.1. Principles of fluorescence  

 

  Fluorescence occurs when an orbital electron of a molecule relaxes to its ground state (S0) by 

emitting a photon from an excited singlet state (Lakowicz 2006). The general process of absorption 

and emission of light in the electronic state is illustrated in the Jablonski diagram (Fig. 10; Jablonski 

1935). A fluorophore is usually excited to higher vibrational level (Sn, n ≥ 1) and subsequently loses 

the excess energy by fast internal conversion (within approximately 10-12 sec or less) to reach the 

lowest vibrational level (S1). The excess energy is transformed into heat. Return to the S0 state from 

the S1 level occurs to a higher excited vibrational ground state level, which then rapidly reaches 

thermal equilibrium (approximately 10-12 sec). Fluorescence lifetime is typically approximately 10-8 

sec (Lakowicz 2006).  
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  As illustrated in the Jablonski diagram (Fig. 10), the energy of emission is typically less than that 

of absorption due to the energy decay to S1. Fluorescence, therefore, occurs at longer wavelength 

compared to excitation light. This difference in wavelength between maxima of excitation and 

emission was first observed by Stokes (1852), and is named the Stokes shift.  

 

 

6.2. Animal-animal interactions 

 

  Fluorescence has been found both in terrestrial and marine organisms which has been implicated 

in the biocommunication (Marshall and Johnsen 2017). Among parrots (Psittaciformes), 68% of 

surveyed (35 out of 51) species have fluorescent plumage (Hausmann et al. 2003). For example, 

both sexes of the budgerigar possess a yellow fluorescent plumage on their crown and cheeks that is 

used in courtship displays (Hausmann et al. 2003; Pearn et al. 2001). The fluorescent plumage of the 

crown region imparts an additional 14% of photons to the reflection (Arnold et al. 2002). A mate 

choice experiment demonstrated that males prefer fluorescent females and vice versa, indicating that 

the fluorescent plumage plays a role in mate choices (Arnold et al. 2002).  

  A lot of spiders emit UV or blue fluorescence (max 325–466 nm) under UV irradiation from the 

cuticle and setae (Andrews et al. 2007). The fluorescence is found across many spider families (i.e., 

Theridiidae, Araneidae, and Salticidae) and has probably evolved many times during spider 

diversification (Andrews et al. 2007). In the ornate jumping spider, females have palps with 

UV-induced green fluorescence that is absent in males (Lim et al. 2007). The green fluorescence 

serves as a sexual signaling, a crucial prerequisite for courtship (Lim et al. 2007).  

  Both sexes of the South American tree frog secrete the blue/green fluorescent (max 450–470 nm 
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with a shoulder at max 505–515 nm) dihydroisoquinolinone derivatives hyloin-L1, -L2 (lymph), and 

-G1 (glandular) (Taboada et al. 2017). Their fluorescence contributes 18.5–29.6% of the total 

emerging light (fluoresced + reflected photons) under twilight and nocturnal scenarios, enhancing 

brightness of the individuals (Taboada et al. 2017).  

  Recently, bone-based fluorescence was discovered in many chameleon species (Prötzel et al. 

2018) and the Bibron's gecko (Sloggett 2018). In chameleons, the crests and tubercles protruding 

from the skull emit blue fluorescence under UV-A. For example, the excitation and emission spectra 

of chameleons Calumma globifer and C. crypticum showed their maxima at 353 nm and 433 nm, 

respectively (Prötzel et al. 2018). Constant fluorescent ornamentations have been proposed to 

provide chameleons with a means of visual communication (Prötzel et al. 2018).  

  In the ocean, the hydromedusa has green fluorescent protein (GFP)-derived fluorescent patches on 

the tips of tentacles, which attract the prey, the juvenile rockfishes (Haddock and Dunn 2015). 

Fluorescence emissions from many predators such as the siphonophores, mantis shrimp, and the 

triplefin blenny have been also proposed as prey attractants, as illuminated dots elicited aggressive 

responses from many fishes (Haddock and Dunn 2015; Mazel et al. 2004).  

 

 

6.3. Plant-animal interactions 

 

  Fluorescence has been also found in many plants (García-Plazaola et al. 2015; Roschina and 

Melnikova 1999; Roschina 2003, 2012). Fluorescence is observed in the nectar of many 

melittophilous plant species, i.e., blue fluorescence in the almond and the onion and yellow 

fluorescence in the hollyleaf cherry (Thorp et al. 1975). Thorp et al. (1975, 1976) hypothesized that 

the fluorescence or UV-absorbing characteristics serve as a visual cue by which bees can evaluate 

the quantities of available nectar. The four o'clock flower bears a green fluorescent pattern on petals 

due to the emission from a mixture of betaxanthins (max around 500 nm) and re-absorption of the 

emission by betanins (max around 530 nm), which has been suggested as a visual cue for pollinators 

(Gandía-Herrero et al. 2005b). Green fluorescence of petals derived from betaxanthins is also found 

in yellow flowers of the moss rose and the purple ice plant (Gandía-Herrero et al. 2005a). Iriel and 

Lagorio (2010b) calculated the fluorescence quantum yield (𝛷f) for petals of several plant species, 

including the moss rose and the purple ice plant, according to the following equation 

𝛷f =
number of emitted photons

number of absorbed photons
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(Iriel and Lagorio 2010a). For example, 𝛷f is <0.0001 for the moss rose and 0.003 for the purple ice 

plant; their petal fluorescence was concluded to be negligible by comparing the number of emitted 

photons to that of reflected photons (Iriel and Lagorio 2010b; Lagorio et al. 2015). However, the 

ability of their pollinators to perceive the fluorescence has not been tested.  

  Carnivorous plants, such as Nepenthes ventricosa and Sarracenia purpurea, display blue 

fluorescence from their pitcher peristome and trap fluid under UV-B irradiation (Kurup et al. 2013). 

As masking blue emission from the peristome of N. khasiana pitcher was found to drastically 

reduced prey capture, suggesting that this blue fluorescent guide works with other attractants such as 

nectar and visual and olfactory cues to attract arthropod prey towards the trap (Kurup et al. 2013).  

 

 

 

7. Pollen fluorescence and its functions 

 

  Pollen fluorescence was first observed in three plant species over 90 years ago (Ruhland and 

Wetzel 1924), and subsequently in several other species (Baby et al. 2013; Berger 1934; Asbeck 

1955; Thorp et al. 1975). Fukui et al. (2017) examined the floral fluorescence of over 580 plant 

species under UV irradiation, and found pollen fluorescence in most of them. The color of the pollen 

fluorescence varies with plant species, but most species fluoresce blue (Fig. 11). Linskens (1964) 

suspected that the pollen fluorescence functions in protection from solar UV-induced damage, and 

Thorp et al. (1975) proposed an additional function as a visual cue for pollinators. These possibilities 

are described in detail below.  

  Solar radiation at sea level comprises approximately 8% of UV radiation (200–400 nm), 

approximately 50% of visible radiation (400–700 nm), and approximately 40% of infrared (IR) 

radiation (700–1,000 nm) (Frederick 1993). UV radiation is divided into three different bands: UV-C 

(200–280 nm), -B (280–320 nm), and -A (320–400 nm) (Moan 2001). UV-C radiation is extremely 

harmful to organisms but completely filtered out by the Earth's atmosphere and does not reach the 

surface (Williamson et al. 2014). UV-B radiation is largely reduced due to the absorption by 

stratospheric ozone, but UV-A radiation passes through the atmosphere with little attenuation. UV-B 

and -A radiations constitute approximately 1.5% and 6.3% of the incoming solar radiation, 

respectively, at sea level (Hollósy 2002).  
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Fig. 8 Photographs of flowers under white light (left) and UV light (365 nm; right). (a) the confederate rose 

(Hibiscus mutabilis), (b) the garden parseley (Petroselinum crispum), (c) the Japanese cornel (Cornus 

officinalis), (d) the safflower (Carthamus tinctorius), and (e) the rough prickly poppy (Argemone hispida). 

Photographed by Hiroshi Fukui. 
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  DNA is particularly susceptible to damage by UV radiation. Irradiation by UV-B induces 

photodimerization of adjacent pyrimidines such as cyclobutane pyrimidine dimers (75%) and 

pyrimidine (6-4) pyrimidinone dimers (25%) on the single strand of DNA (Britt 1996; Hollósy 

2002). Pyrimidine (6-4) pyrimidinone dimers are further photoisomerized to Dewar isomers by 

UV-A (Fig. 12; Sinha and Häder 2002). These UV-induced photoproducts, if unrepaired, interfere 

with DNA transcription and replication, which may cause mutations (Jansen et al. 1998).  

  One potential mechanism by which UV-A radiation damages organisms is photosensitization 

(Hollósy 2002), wherein singlet oxygen (1O2), a singular reactive oxygen species (ROS), is 

generated via an energy transfer during a collision of the excited photosensitizer (i.e., tetrapyrroles, 

flavins, and reduced pyridine nucleotides) with triplet oxygen (3O2) (type II photosensitized 

oxidation reaction; Baptista et al. 2017). A variety of compounds can be a target of 1O2, such as 

DNA bases, unsaturated fatty acids of membrane lipids, proteins, cellular thiols, and secondary 

metabolites such as terpenes (Triantaphylidès and Havaux 2009; Wright et al. 2002). 1O2 adds to 

double bonds, leading production of dioxetane via the cycloaddition reaction, hydroperoxides via the 

ene reaction, and endoperoxides via the Diels-Alder reaction (Girotti 2001; Leach and Houk 2002).  

  In plants, there are two main detoxification mechanisms of 1O2. The main mechanism is physical 

quenching. The physical quenchers (i.e., chlorophylls and carotenoids) deactivate 1O2 through a 

transfer of excitation energy followed by thermal deactivation (Dickinson and Chang 2011; 

Triantaphylidès and Havaux 2009). The chemical quenching of 1O2 is a reaction involving the 

oxidation of a quencher such as L-ascorbic acid and flavonoids (Larson 1988). Nevertheless, an 

increased level of 1O2 is implicated in the signaling of programmed cell death (Triantaphylidès and 

Havaux 2009).  
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  Anthers usually extend beyond the corolla in angiosperms; thus, the DNA in pollen grains are 

exposed to the risk of UV-induced damage. Fluorescent compounds in pollen may protect the DNA 

from harmful UV energy through a transduction of absorbed UV energy to the fluorescence 

emission (Hoque and Remus 1999; Rozema et al. 2001).  

  The second function of pollen fluorescence may be the attraction of pollinators by highlighting 

pollen as their food (Fig. 13). Pollen fluorescence has been also proposed as a visual cue for insects 

(Section 6.3). Bees have a distinct ability in color discriminations (Dyer and Neumeyer, 2005), and 

an innate color preference for human-blue stimuli (Dyer et al. 2016; Giurfa et al. 1995; Gumbert 

2000; Hempel de Ibarra et al. 2015; Section 5.2). This suggests that the blue fluorescence from 

pollen may be detectable by and attractive to them.  

 

 

 

8. Research objectives 

 

  Plant-insect interactions have been addressed, and a number of studies demonstrated that flowers 

attract pollinators via olfactory, visual, and tactile cues (Lunau 2000). Despite great improvements in 

our understanding of plant-insect interactions, the factors influencing the foraging behavior of 

pollinating insects are poorly understood (Mayer et al. 2011). Several studies have contemplated the 

biocommunication between plants and pollinators through fluorescence (Gandía-Herrero et al. 2005a, 

b; Kevan 1976; Thorp et al. 1975, 1976), but the ability of insects to perceive fluorescence has not 

been examined by behavioral experiments, and an understanding of its functions remains 

rudimentary. Furthermore, the fluorescent compounds occurring in pollen grains and anthers have 

not been identified. The objectives of this thesis are to identify fluorescent compounds in pollen 

grains and anthers and to confirm the behavioral response of honeybees to the fluorescence. The 

results described here will open up a new aspect of biocommunication between plants and insects.  

Fig. 10 Proposed function of pollen fluorescence. 
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Chapter II   
Identification of fluorescent compounds occurring in anthers and pollen 

 

 

 

1. Introduction 

 

  Five species known to bear blue fluorescent pollen and/or anthers were selected from the 580 

plants in the Floral Fluorescence Database (Fukui et al. 2017): the wild teasel, Dipsacus fullonum 

(Caprifoliaceae); the paperplant, Fatsia japonica (Araliaceae); the ribwort plantain, Plantago 

lanceolata (Plantaginaceae); the peach tree, Prunus persica cv. Akatsuki (Rosaceae); and the 

pincushion flower, Scabiosa atropurpurea cv. Snow Maiden (Caprifoliaceae) (Fig. 14).  

  D. fullonum is an herbaceous biennial plant native to Europe and Asia, and naturalized in North 

America (Jepsen Flora Project 2018). It forms a large basal rosette of leaves and grows to 1–2.5 m 

tall. Capitulums with massed pale violet flowers appear between July and August (Fig. 14a). The 

dried flower heads have been used as a natural comb for cleaning, aligning, and raising the nap on 

fabrics. Despite the limited quantities of nectar per capitulum (0.74 mg/capitulum/h), the flowers are 

a

c

b

d

e f

0.5 mm

Fig. 1 Photographs of flowers under white light (left) and UV light (365 nm; right). Flowers of (a) D. 

fullonum, (b) F. japonica, (c) Pl. lanceolata, (d) Pr. persica cv. Akatsuki, and (e) S. atropurpurea cv. 

Snow Maiden. (f) Anther and pollen grains of S. atropurpurea. 
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frequently visited by many insects, such as hoverflies (Episyrphus balteatus, Eristalis tenax, and 

species of Metasyrphus, Platycheirus and Melanostoma) and bees (Apis mellifera, Bombus 

lapidarius, B. pascuorum, B. terrestris, and Psithyrus spp.) (Comba et al. 1999).  

  F. japonica is an evergreen shrub native to southern Japan, southern Korea, and Taiwan. The shrub 

grows to 1–3 m tall, with sparsely branched stems bearing palmately lobed leaves, and is a common 

garden plant in Japan. Axillary umbels of white flowers above foliage appear in October to 

December (Fig. 14b). It is an entomophilous plant visited by the Asian giant hornet (Vespa 

mandarinia), the pied hoverfly (Scaeva pyrastri), and the oriental latrine fly (Chrysomya 

megacephala) (Jun et al. 2011).  

  Pl. lanceolata is a rosette-forming perennial herb, with hairy stems (10–40 cm tall). Flowers 

appear along spikes between May and August (Fig. 14c). It is an invasive plant native to Europe, and 

estimated to have been introduced into Japan in the middle of the 19th century. Although most 

species of Plantago are self-compatible, Pl. lanceolata is self-incompatible (Ross 1973). Pl. 

lanceolata was previously regarded as anemophilous due to its morphology of stamens with long 

filaments, but is now regarded as ambophilic (Percival 1955; Clifford 1962). Frequent visitors are 

bees (A. mellifera, A. dorsata, and A. florea) and a few dipterans (Percival 1955; Saunders 2018; 

Sharma et al. 1993; Woodcock et al. 2014).  

  Pr. persica is a deciduous tree native to the eastern Asia (Jepsen Flora Project 2018). The tree 

blooms in April (Fig. 14d), and its fruits are harvested between July and August. The peach is one of 

largest fruit tree grown in temperate regions, in both hemispheres. Based on the statistics from the 

Ministry of Agriculture, Forestry and Fisheries of Japan (2018), the cultivation area and production 

of the peach in Japan reached approximately 9,700 ha and 124,900 t, respectively, in 2017. The 

'Akatsuki' was developed in 1979 from the cross of 'Hakuto' × 'Hakuho' (Kanato et al. 1980), and is 

the most widely cultivated peach cultivar in Japan. The western honeybee (A. mellifera) is the 

principal pollinator of the peach followed by other bees (i.e., Trigona spinipes and Xylocopa sp.) and 

hummingbirds (da Mota and Nogueira-Couto 2002).  

  S. atropurpurea is an herbaceous annual plant native to southern Europe (Jepsen Flora Project 

2018). The plant grows a basal rosette and flowers from June to October. The flower is composed of 

many small florets clustered together in a single head (Fig. 14e). Many cultivars with different colors 

are available as garden ornaments. S. atropurpurea offers 0.06 L nectar (accumulated for 24 h) and 

70 g pollen per a flower, as rewards for visitors: honeybees, ants, other hymenopterans, mordellids, 

oedemerids, bruchids, dipterans, and lepidopterans (Bosch et al. 1997).  

  In this chapter, the fluorescence spectral properties of anthers and pollen of these entomophilous 
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plants were examined, and the fluorescent compounds responsible for their blue emission were 

isolated and identified. Distribution of the fluorescent compounds in pollen are also investigated.  

 

 

 

2. Results 

 

  Both the pollen and anthers of these plants, except for Pr. persica, emitted blue fluorescence, 

whereas other parts including petals and pistils did not (Fig. 14). The anthers of Pr. persica exhibited 

blue fluorescence, but its pollen grains and other parts did not. The intrinsic fluorescence of the 

dehisced anthers with pollen exhibited excitation and emission maxima at around 350 nm and 450 

nm for D. fullonum, F. japonica, Pl. lanceolata, and S. atropurpurea, respectively, and at 325 nm 

and 432 nm for Pr. persica, respectively (Fig. 15a).  

  Localization of the fluorescent compounds in the pollen grains of S. atropurpurea was examined. 

Two-photon excitation microscopy revealed that the fluorescence was emitted from the surface of 

pollen wall, not from the cytoplasm (Fig. 16a). After extraction with methanol, the fluorescence 

decreased in intensity but did not completely disappear (Fig. 16a). The extracts from pollen 

exhibited bright blue fluorescence under UV 365 nm light, suggesting that the fluorescent 

compounds were small molecules soluble in methanol. The pollen grains were observed with 

electron microscopies to clarify the alteration before and after extraction. Any detectable alteration 

was not observed by SEM (Fig. 16b), but by TEM (Fig. 16c). The surface of pollen grains was 

covered by pollen coat, as exemplified in the majority of entomophilous plants (Fig. 16c; Quilichini  

Fig. 2 Fluorescence spectra of (a) intrinsic dehisced anthers with pollen and (b) 1–6 from pollen and anthers. 

Excitation spectra (dotted line) and emission spectra (solid line). 
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et al. 2015). The pollen coat was removed from underlying exine by extraction (Fig. 16c).  

  The major fluorescent compounds were isolated from the extracts, while monitoring the 

fluorescence on TLC. The following compounds were identified by 1H NMR and LC-MS spectral 

data: 3,5-dicaffeoylquinic acid (1) (Scarpati and Guiso, 1964; Wald et al. 1989) and chlorogenic acid 

(2) (Fischer and Dangschat 1932; Cheminat et al. 1988) in D. fulluonum; 1 and 2 in F. japonica; 

(E)-acteoside (3) and its (Z)-isomer (4) in Pl. lanceolata (Birkofer et al. 1968; Nishimura et al. 

1991); 1-O-(E)-feruloyl--D-glucose (5) (Birkofer et al. 1961; Bokern et al. 1987) and its (Z)-isomer 

(6) (Hixson et al. 2016) in Pr. persica, and 1 in S. atropurpurea (Fig. 17). The amounts of 1–6 in 

fresh pollen and anthers are shown in Table 1.  

  Fluorescence spectra of 1–6 corresponded well with those of the dehisced anthers with pollen, 

confirming that these fluorescent compounds are responsible for the fluorescence of the pollen and 

anthers (Fig. 15b). The excitation and emission wavelengths of 1–4 were almost coincident with 

those of methyl caffeate, indicating that the blue fluorescence of these compounds is derived from 

the caffeoyl moiety. The blue emission of 5 and 6 would be derived from a feruloyl moiety based on 

comparisons of their excitation and emission spectra with those of methyl ferulate (Fig. 15b). 

b

a

c

Cy

In
PM

Ex

PC

Fig. 3 Alteration of pollen grains of S. atropurpurea before (left) and after (right) extraction with methanol. (a) 

Two-photon excitation microscopic images of the pollen grains. (b) SEM images and (c) TEM images of the pollen 

walls. PC, pollen coat; Ex, exine; In, intine; PM, plasma membrane; Cy, cytoplasm. Arrowheads indicate the PC. 

Scale bars: 100 m for (a); 2 m for (c). 
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Plant Fluorescent compounds
Content (mg/g FW) DPPH 

IC50 (µM)Anthers Pollen

D. fullonum 3,5-Dicaffeoylquinic acid (1) 29.8 ± 11.2 6.4 ± 2.5 10 Park et al. 2009

Chlorogenic acid (2) 3.8 ± 1.7 0.3 ± 0.1 12 Kweon et al. 2001

F. japonica 3,5-Dicaffeoylquinic acid (1) 10.1 ± 2.1 3.4 ± 1.9 10 Park et al. 2009

Chlorogenic acid (2) 2.2 ± 0.2 0.8 ± 0.3 12 Kweon et al. 2001

Pl. lanceolata (E)-Acteoside (3) 14.4 ± 2.2 2.3 ± 0.7 6 Hung et al. 2012

(Z)-Acteoside (4) 2.5 ± 0.8 0.4 ± 0.3

Pr. persica 1-O-(E)-Feruloyl- -D-glucose (5) 28.2 4.9 36 Hamerski et al. 2005

1-O-(Z)-Feruloyl- -D-glucose (6) 7.0 2.5

S. atropurpurea Chlorogenic acid (2) 3.5 ± 0.9 0.1 ± 0.03 12 Kweon et al. 2001

Table 1 Amounts of 1–6 in pollen and anthers. 

Amount values represent mean ± SE of three replications or mean of two replications.  

II ~ 
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3. Discussion 

 

  The anthers with pollen exhibited fluorescence with emission maxima in the range of 430–450 nm, 

corresponding to human-blue color. The emission spectra overlapped the spectral sensitivity curve of 

SWS and MWS class photoreceptors of hymenopterans (Fig. 8, 15a; Peitsch et al. 1992), indicating 

that hymenopterans including bees can perceive the blue fluorescence. The blue fluorescence from 

anthers and pollen may enhance their signaling to pollinators.  

  The fluorescent compounds 1–6 are known as antioxidants; the antioxidant activities of 1–6 are 

almost equal to those of L-ascorbic acid and caffeic acid (Table 1; Hamerski et al. 2005; Hung et al. 

2012; Kweon et al. 2001; Park et al. 2009). The amounts of 1–6 in anthers and pollen were 

substantial, as shown in Table 1. This suggests their important function as protectants of the pollen 

grains and anthers from UV-induced damage. The fluorescent compounds may protect pollen DNA 

from UV-induced damage not only by transduction of absorbed energy to the fluorescence but also 

by scavenging ROS. The occurrence of caffeoyl and feruloyl esters in plants of four investigated 

families indicates their wide distribution as blue fluorophores in pollen and anthers. 

  Two-photon excitation microscopy and TEM revealed that the pollen fluorescence is emitted from 

the extracellular surface that is extractable with methanol. The extractable fluorescent compounds 

are presumed to be located in the pollen coat. As pollen coat is provided by the tapetum through 

tapetal programed cell death (Quilichini et al. 2015), the fluorescent compounds may be synthesized 

and accumulated in the tapetum at the maturation stage of microspores. Although the chemical 

composition of sporopollenin has not been elucidated due to its insolubility, ferulic acid has been 

identified as a component (Rozema et al. 2001). The remnant fluorescence after extraction is 

probably derived from a fluorophore such as a feruloyl moiety embedded in sporopollenin.  

 

 

 

4. Materials and methods 

 

Plant materials  

  Flowers of Dipsacus fullonum were collected at The Garden of Medicinal Plants, Kyoto 

Pharmaceutical University (Kyoto, Japan) in July 2013, Fatsia japonica at the North Campus of 

Kyoto University (Kyoto, Japan) from November 2013 to January 2014, and Plantago lanceolata at 

the riverside of Kamo River (Kyoto, Japan) in May 2013. Flowers of Prunus persica cv. Akatsuki 
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were collected at the Nagano Fruit-tree Experiment Station (Nagano, Japan) in April 2014. Flowers 

of Scabiosa atropurpurea cv. Snow Maiden were purchased from a local flower shop in Kyoto in 

April 2015.  

 

Photography  

  Photographs of D. fullonum flowers were taken with a D200 camera (Nikon, Tokyo, Japan) 

equipped with an AF Zoom-Micro Nikkor ED 70–180 mm f/4.5–5.6D lens (Nikon). F. japonica, Pr. 

persica, and S. atropurpurea flowers were photographed with an EOS 60D camera (Canon, Tokyo, 

Japan) equipped with an EF-S60 mm F2.8 MACRO USM lens (Canon). Pl. lanceolate flowers were 

photographed with an EOS Kiss X4 camera (Canon) equipped with an EF-S 18–55 mm F3.5–5.6 IS 

II lens (Canon). The anther and pollen grains of S. atropurpurea were photographed with an E-510 

camera (Olympus, Tokyo, Japan) connected to an SMZ-1500 stereomicroscope (Nikon). 

Photographs of filter papers were taken with the EOS 60D equipped with the EF-S 18–55 mm F3.5–

5.6 IS II lens. Fluorescent lamps (HGX FHF32EX, 32 W; NEC lighting, Tokyo, Japan) were used 

for white light illumination, and two Handy UV Lamps (LUV-16, 365 nm, 16 W; ASONE, Osaka, 

Japan) were used for UV illumination.  

 

Reagents  

  Reagents of analytical grade were purchased from Wako Pure Chemical Industries (Osaka, Japan). 

Methyl caffeate and methyl ferulate were prepared from caffeic acid and ferulic acid, respectively, 

by methylation with diazomethane. Wakogel® C-200 silica gel (Wako Pure Chemical Industries) 

was used for silica gel column chromatography. YMC*GEL ODS-AQ 12 nm S-50 m (YMC, 

Kyoto, Japan) was used for ODS gel column chromatography.  

 

TLC, HPLC, LC-MS, and NMR conditions  

  TLC Silica gel 60 F254 aluminum sheets (Merck, Darmstadt, Germany) were used for TLC 

analyses. The eluent was a mixture of MeOH, CHCl3, and AcOH in the ratio of 15:5:1.  

  HPLC was performed on an L-7100 series equipment (Hitachi, Tokyo, Japan) consisting of an 

L-7100 pump and an L-7400 detector: a YMC-Pack ODS-AQ column (6.0 mm inner diameter × 100 

mm; YMC, Kyoto, Japan); flow rate at 1.0 mL/min; and detection at 254 nm.  

  LC-MS analyses were performed on an LCMS-8040 mass spectrometer (Shimadzu, Kyoto, Japan) 

with a COSMOSIL-Pack 5C18-MS-II column (2.0 mm inner diameter × 150 mm; Nacalai tesque, 

Kyoto, Japan) for 1–4 and on an Acquity UPLC system H class and a Xevo G2-S QTof MS (Waters, 
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MA, USA) with an Acquity UPLC BEH C18 column (polar size 1.7 m, 2.1 mm inner diameter × 

50 mm; Waters) for 5 and 6. The analyses were conducted under the following conditions for 1–4: 

the eluent consisted of solvent A (100% ultrapure water containing 0.1% HCO2H) and solvent B 

(100% MeCN) under the following gradient program: 10% B for 5 min and 10–50% B for 30 min at 

a flow rate of 0.2 mL/min. MS was operated in electron spray ionization (ESI) positive mode with 

the following parameters: column oven, 40°C; probe voltage, 4.5 kV; desolvation line temperature, 

250°C; heat block temperature, 400°C. For analyses of 5 and 6, the eluent consisted of solvent A 

(100% ultrapure water containing 0.1% HCO2H) and solvent B (100% MeCN containing 0.1% 

HCO2H) under the following gradient program: 10–50% B for 5 min at a flow rate of 0.3 mL/min. 

MS were operated in an ESI positive mode under the following parameters: capillary voltage, 3.0 

kV; cone voltage, 40 V; source temperature, 150°C; and desolvation temperature, 500°C. 

  NMR spectra of methanol-d4 (Sigma-Aldrich, MO, USA) solutions were measured with 

AVANCE III 400 and AVANCE III 500 spectrometers (Bruker, Rheinstetten, Germany). 

 

Two-photon excitation laser scanning microscopy  

  Intact dehisced anthers with pollen grains of S. atropurpurea were observed with an upright 

microscope FV1200MPE-BX61WI (Olympus, Tokyo, Japan), equipped with a 25 × /1.05 

water-immersion objective lens XLPLN 25XW-MP (Olympus), which was connected to an Insight 

DeepSee Ultrafast laser (Spectra Physics, Mountain View, CA, USA). An IR-cut filter BA685RIF-3 

(Olympus), three dichroic mirrors (DM450, DM570, and DM505; all Olympus), and emission filters 

BA460-500 (Olympus) were used. The intrinsic fluorescence of anthers and pollen grains was 

examined at an excitation of 720 nm. Emission was captured in a GaAsP1 detector (460–500 nm, 

colored cyan). The anthers containing pollen after extraction with MeOH for 7 days were observed 

under the same conditions. Acquired images were processed with ImageJ version 2.0.0 (National 

Institutes of Health, MD, USA; Rueden et al. 2017; Schindelin et al. 2012). 

 

Electron microscopy  

  Pollen grains of S. atropurpurea before and after extraction with methanol for 7 days were soaked 

in half Karnovsky's fixative at 4°C for 30 h. The fixed pollen grains were dehydrated in an ethanol 

series, soaked in t-butyl alcohol, and freeze-dried at −20°C. The dried anthers were mounted on 

stages and coated with platinum in an ion coater IB-3 (Eiko Engineering, Tokyo, Japan). The pollen 

grains were observed with a SEM S-4700 (Hitachi, Tokyo, Japan) at acceleration voltage 5.0 kV.  

  The fixed pollen grains were rinsed with 0.1 M phosphate buffer, followed by post-fixation with 



 

 49 

1% osmium tetroxide at 4°C overnight. The samples were dehydrated in a graded ethanol series and 

then embedded in Plain resin (Nisshin EM, Tokyo, Japan) at 70°C for 5 days. Ultrathin sections 

were prepared by an ultramicrotome EM UC6 (Leica, Heidelberg, Germany) with a diamond knife 

and placed on copper grids. The sections were stained with 1% uranyl acetate and lead citrate and 

observed with a TEM H-7650 (Hitachi, Tokyo, Japan). Images were captured with an AMT XR-41C 

CCD camera system (Advanced Microscopy Techniques, MA, USA).  

 

Isolation and quantification of 1–6  

  Anthers with pollen (0.7 g) of D. fullonum were extracted with 30 mL MeOH. The extract was 

partitioned between EtOAc and H2O. The material from the organic layer was applied to a silica gel 

column and eluted with 20 mL of CHCl3-MeOH for each fraction. The fraction eluting with 20% 

MeOH was subjected to preparative HPLC (eluent: 40% MeOH containing 0.1% TFA). The 

component eluting at tR 12.8 min was collected and concentrated to give 4 mg of 1. 

  Anthers with pollen (2.6 g) of F. japonica were extracted with 30 mL MeOH. The extract was 

applied to a silica gel column and eluted with 30 mL of CHCl3-MeOH for each fraction. The fraction 

eluting with 50% MeOH was subjected to preparative HPLC (eluent: 40% MeOH containing 0.1% 

AcOH). The component eluting at tR 10.6 min was collected and concentrated to give 1 mg of 1. 

Another MeOH extract from the anthers containing pollen (1.0 g) was subjected to preparative 

HPLC (eluent: 40% MeOH containing 0.1% AcOH). The component eluting at tR 4.3 min was 

collected and concentrated to give 2 mg of 2.  

  Anthers with pollen (3.7 g) of Pl. lanceolata were extracted with 30 mL MeOH. The extract was 

partitioned between EtOAc and H2O. The material from the organic layer was applied to a silica gel 

column and eluted with 30 mL of CHCl3-MeOH for each fraction. The fractions eluting with 20 and 

30% MeOH were combined and then subjected to preparative HPLC (eluent: 40% MeOH containing 

0.1% AcOH). The compounds eluting at tR 8.8 min and 15.0 min were separately collected and 

concentrated to give 7 mg of 3 and 0.8 mg of 4, respectively. 

  Anthers with pollen (3.9 g) of Pr. persica were extracted with 30 mL MeOH. The extract was 

partitioned between EtOAc and H2O. The material from the aqueous layer was partitioned between 

n-BuOH and H2O. The material from the EtOAc and n-BuOH layers were combined, applied to an 

ODS gel column (0.5 mm inner diameter × 58 mm), and eluted with 75 mL of MeOH-H2O for each 

fraction. The fraction eluting with 30% methanol was subjected to preparative HPLC (eluent: 23% 

MeOH containing 0.1% AcOH). The compounds eluting at tR 10.4 min and 11.4 min were collected 

and concentrated to give 1 mg of 5 and 0.3 mg of 6, respectively. 
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  Anthers with pollen (192 mg) of S. atropurpurea were extracted with 15 mL MeOH. The extract 

was applied to a silica gel column and eluted with 20 mL of CHCl3-MeOH for each fraction. The 

material eluting with 70% MeOH was subjected to preparative HPLC (eluent: 25% MeOH 

containing 0.1% AcOH). The component eluting at tR 10.7 min was collected and concentrated to 

give 2 mg of 1. 

  Quantification was carried out by using HPLC. Pollen grains were screened out from dehisced 

anthers with a wire mesh (opening, 0.5 mm), and pollen and anthers were separately extracted with 

MeOH. The amounts of 1–6 in the extracts were calculated with a calibration curve between weight 

and peak area, using isolated 1–6 as standards. 

 

3,5-Dicaffeoylquinic acid (1): White powder; ESIMS m/z 517 [M+H]+; 1H NMR (400 MHz, 

methanol-d4)  7.62 and 7.58 (each 1H, d, J = 16.0 Hz, H-7' and H-7''), 7.07 (2H, d, J = 2.1 Hz, H-2' 

and H-2''), 6.98 and 6.97 (each 1H, dd, J = 8.1 and 2.1 Hz, H-6' and H-6''), 6.78 (2H, d, J = 8.1 Hz, 

H-5' and H-5''), 6.34 and 6.27 (each 1H, d, J = 16.0 Hz, H-8' and H-8''), 5.43 (1H, m, H-5), 5.38 (1H, 

m, H-3), 3.98 (1H, dd, J = 7.3 and 3.2 Hz, H-4), 2.1–2.4 (4H, m, H-2 and H-6).  

 

Chlorogenic acid (2): White powder; ESIMS m/z 355 [M+H]+; 1H NMR (400 MHz, methanol-d4)  

7.56 (1H, d, J = 15.9 Hz, H-7'), 7.05 (1H, d, J = 2.0 Hz, H-2'), 6.95 (1H, dd, J = 8.2 and 2.0 Hz, 

H-6'), 6.78 (1H, d, J = 8.2 Hz, H-5'), 6.27 (1H, d, J = 15.9 Hz, H-8'), 5.35 (1H, m, H-5), 4.16 (1H, m, 

H-3), 3.71 (1H, dd, J = 8.9 and 3.0 Hz, H-4), 2.19 (2H, m, H-6), 2.05 (2H, m, H-2).  

 

(E)-Acteoside (3): White powder; ESIMS m/z 625 [M+H]+; 1H NMR (500 MHz, methanol-d4)  

7.60 (1H, d, J = 15.9 Hz, H-7'), 7.05 (1H, d, J = 2.1 Hz, H-2'), 6.96 (1H, dd, J = 8.3 and 2.1 Hz, 

H-6'), 6.78 (1H, d, J = 8.3 Hz, H-5'), 6.70 (1H, d, J = 2.2 Hz, H-2), 6.68 (1H, d, J = 8.0 Hz, H-5), 

6.57 (1H, dd, J = 8.0 and 2.2 Hz, H-6), 6.28 (1H, d, J = 15.9 Hz, H-8'), 5.19 (1H, d, J = 1.7 Hz, Rha 

H-1), 4.9 (1H, m, Glc H-4), 4.38 (1H, d, J = 7.9 Hz, Glc H-1), 4.1–4.0 (1H, m, H-8a), 3.91 (1H, m, 

Rha H-2), 3.82 (1H, t, J = 9.1 Hz, Glc H-3), 3.72 (1H, m, H-8b), 3.7–3.5 (5H, m, Glc H-5, H-6a, 

H-6b, Rha H-3, H-5), 3.39 (1H, dd, J = 9.1 and 7.9 Hz, Glc H-2), 3.3 (1H, m, Rha H-4), 2.72 (2H, m, 

H-7), 1.10 (3H, d, J = 6.2 Hz, Rha H-6). Glc, glucose; Rha, rhamnose.  

 

(Z)-Acteoside (4): White powder; ESIMS m/z 625 [M+H]+; 1H NMR (500 MHz, methanol-d4)  

7.53 (1H, d, J = 2.1 Hz, H-2'), 7.12 (1H, dd, J = 8.4 and 2.1 Hz, H-6'), 6.88 (1H, d, J = 12.9 Hz, 

H-7'), 6.74 (1H, d, J = 8.4 Hz, H-5'), 6.69 (1H, d, J = 2.5 Hz, H-2), 6.67 (1H, d, J = 8.0 Hz, H-5), 
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6.56 (1H, dd, J = 8.0 and 2.5 Hz, H-6), 5.77 (1H, d, J = 12.9 Hz, H-8'), 5.17 (1H, d, J = 1.7 Hz, Rha 

H-1), 4.9 (1H, m, Glc H-4), 4.36 (1H, d, J = 7.9 Hz, Glc H-1), 4.1–4.0 (1H, m, H-8a), 3.91 (1H, m, 

Rha H-2), 3.76 (1H, t, J = 9.2 Hz, Glc H-3), 3.72 (1H, m, H-8b), 3.7–3.5 (5H, m, Glc H-5, H-6a, 

H-6b, Rha H-3, H-5), 3.39 (1H, dd, J = 9.2 and 7.9 Hz, Glc H-2), 3.3 (1H, m, Rha H-4), 2.72 (2H, m, 

H-7), 1.17 (3H, d, J = 6.3 Hz, Rha H-6).  

 

1-O-(E)-Feruloyl--D-glucose (5): White powder; ESIMS m/z 379 [M+Na]+; 1H NMR (400 MHz, 

methanol-d4)  7.73 (1H, d, J = 15.9 Hz, H-7), 7.21 (1H, d, J = 2.0 Hz, H-2), 7.10 (1H, dd, J = 8.2 

and 2.0 Hz, H-6), 6.82 (1H, d, J = 8.2 Hz, H-5), 6.40 (1H, d, J = 15.9 Hz, H-8), 5.58 (1H, d, J = 7.9 

Hz, Glc H-1), 3.90 (3H, s, -OCH3), 3.85 (1H, dd, J = 12.2 and 2.0 Hz, Glc H-6a), 3.69 (1H, dd, J = 

4.8, 12.2 Hz, Glc H-6b), 3.5–3.3 (4H, m, Glc H-2, H-3, H-4, H-5).  

 

1-O-(Z)-Feruloyl--D-glucose (6): White powder; ESIMS m/z 379 [M+H]+; 1H NMR data (400 

MHz, methanol-d4)  7.88 (1H, d, J = 1.9 Hz, H-2), 7.17 (1H, dd, J = 8.3 and 1.9 Hz, H-6), 6.94 (1H, 

d, J = 13.0 Hz, H-7), 6.77 (1H, d, J = 8.3 Hz, H-5), 5.82 (1H, d, J = 13.0 Hz, H-8), 5.56 (1H, d, J = 

8.1 Hz, Glc H-1), 3.88 (3H, s, -OCH3), 3.85 (1H, dd, J = 12.1 and 2.2 Hz, Glc H-6a), 3.68 (1H, dd, J 

= 12.1 and 5.0 Hz, Glc H-6b), 3.5–3.3 (4H, m, Glc H-2, H-3, H-4, H-5). 

 

UV/Vis and fluorescence spectral analyses  

  UV/Visible spectra of MeOH solutions of 1–6 were measured in quartz cuvette (path length, 10 

mm) with UV-2200AI and UV-1800 spectrophotometers (Shimadzu, Kyoto, Japan). Fluorescence 

spectra of MeOH solutions of 1–6 were measured in quartz cuvette (path length, 10 mm) with an 

FP-8300 spectrofluorometer (Jasco, Tokyo, Japan). An FUV-803 absorbance measurement cell 

block (Jasco) was used for MeOH solutions of 1–6, and an FPA-810 powder sample cell block was 

used for intrinsic dehisced anthers with pollen. The absorption, excitation, and emission spectra were 

measured from 300 nm to 600 nm. Samples of the anthers with pollen were randomly divided into 

three sets. The measurements with each set were averaged.  
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Chapter III 
Behavioral response of honeybees to pollen fluorescence 

 

 

 

1. Introduction 

 

  The fluorescent compounds occurring in anthers and pollen have been identified as 

hydroxycinnamoyl derivatives including chlorogenic acid, as described in the previous chapter. A 

behavioral assay with chlorogenic acid was carried out to examine whether an important pollinator, 

the western honeybee (A. mellifera), can recognize the fluorescence under sunlight and, if so, exhibit 

a preference for it.  

  The honeybee is a social insect. Each colony consists of only one reproductive queen, about 

20,000–50,000 functionally sterile worker bees, and a few male drones (Tautz 2008). Queens 

survive 3–5 years, and drones 2–4 weeks (Tautz 2008). Worker bees are usually replaced 4 weeks to 

12 months, depending primarily on seasonal factors, and perform an age-dependent division of labor 

in their lives. Newly emerged bees cannot fly and therefore cell preparation, such as cleaning and 

removing the remnant of cocoons and larval excreta, is their first activity (Tautz 2008; Winston 

1987). For about a week, from the age of about 4 days, these nursing caste workers use their 

hypopharyngeal and mandibular glands to feed a proteinaceous secretion to larvae (Winston 1987). 

Middle-aged bees (12–21 days old) have a broader task repertoire, such as nest building and 

maintenance, nectar receipt from foragers, nectar processing, and nest entrance guarding (Johnson 

2010). Senior bees do not engage in tasks within the nest and focus on foraging propolis, water, 

nectar, and pollen (Johnson 2010). The Austrian ethologist Karl von Frisch discovered that forager 

honeybees communicate the spatial location of valuable resources (nectar, pollen, water, propolis, or 

a new nest site) to nestmates via a dance language (Couvillon 2012; von Frisch 1946). During the 

flight to the resource, foragers measure the direction relative to the sun and distance to the resource. 

The orientation of the waggling run and its duration encode the direction and distance to the 

resources (Winston 1987).  
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2. Results 

 

  The potential of fluorescence as a visual cue for free-flying honeybees was examined by a 

two-choice assay in the field under sunlight (Fig. 18a). The assay was based on the choice between a 

chlorogenic acid-containing filter paper and a plain filter paper, which were set on feeders consisting 

of a cup containing sucrose solution and a petri dish containing vanilla oil (Fig. 18b). Concentrations 

of chlorogenic acid from 0.3 to 100 mg/g were tested for the assay. Human eyes could not 

distinguish the chlorogenic acid-containing filter papers and plain filter paper under white light, 

although each were clearly distinguishable under UV light (Fig. 19a). The filter papers were 

sandwiched with quartz plates, and the edge was sealed to avoid any effect of volatilization of 

chlorogenic acid on the behavior of honeybees. The chlorogenic acid-containing filter papers 

showed absorption, excitation, and emission maxima at about 330 nm, 355 nm, and 430 nm, 

respectively (Fig. 19b). The intensities of absorption and emission of chlorogenic acid-containing 

filter papers were expressed as the area under the spectral curve (AUC). The AUC of absorption 

spectra (AUCAbs) increased in an almost concentration-dependent manner (Fig. 19c). In contrast to 

the absorption, the AUC of emission spectra (AUCEm) gradually increased from 0 to 10 mg/g but 

decreased from 30 to 100 mg/g due to the quenching of fluorescence by the inner-filter effect at 

higher concentrations (Fig. 19c; Parker and Rees 1962).  

  UV radiation is required for chlorogenic acid to emit fluorescence. Solar UV intensity changes 

depending on weather conditions (Williamson et al. 2014). Increased cloud coverage generally 

decreases the intensity of UV radiation reaching the surface of the Earth. The solar zenith angle also 

has a substantial impact on the UV intensity. Therefore, the solar UV intensity was monitored during 

each test to examine the relationship between the behavior of honeybees and UV intensity. Results 

of the assay were expressed as an excess proportion index (EPI; Sakuma and Fukami 1985),  

 

 

 

 

 

 

 

Fig. 1 Two-choice assay with honeybees. (a) Photograph of the two-choice assay. The chlorogenic acid-containing 

filter paper on the feeder 1 and the plain filter paper on the feeder 2. (b) Structure of the feeder with filter paper 

sandwiched with quartz plates. 
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representing the polarity of choice; the EPIs of all the tests against the UV intensity are shown in Fig. 

20a. Matches with chlorogenic acid provided positive EPIs in almost all the tests under various UV 

intensities. This shows that honeybees prefer the chlorogenic acid-containing filter paper over the 

plain filter paper. Only two tests gave negative EPIs at 30 mg/g and 100 mg/g when the UV intensity 

were 70 W/cm2 and 210 W/cm2, respectively. The EPIs decreased prominently when the UV 

intensity was below 500 W/cm2. A UV intensity above 500 W/cm2 seemed to be necessary for the 

fluorescence to be effectively recognized by honeybees. 

  Chlorogenic acid and the UV intensity had significantly positive effects on the EPIs across the 

range of tested concentrations (Fig. 20a). Since the UV intensities were different among the tests, an 

analysis of covariance (ANCOVA) was performed to remove the effects of the UV intensity on the 

EPIs for comparisons among the concentrations. The least-square mean EPIs of matches with 

chlorogenic acid were positive, ranging from 0.0580 to 0.1823, whereas that of the control was 

−0.0087 (Fig. 20b). The values were highest at 10 mg/g and subsequently decreased. This change in 

the EPIs corresponded to that in AUCEm rather than AUCAbs. Photoisomerization of approximately 

20% of (E)-chlorogenic acid to the (Z)-form on the filter paper occurred during the assay, but 

 

Fig. 2 Spectral profiles of tested filter papers. (a) Photographs of chlorogenic acid-containing filter papers under 

white light (left) and UV light (365 nm; right). (b) UV absorption spectra and AUCAbs, and (c) emission spectra and 

AUCEm of chlorogenic acid-containing filter papers.  
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decomposed products were not detected, suggesting that the fluorescence characteristics of the filter 

paper did not change during the assay. These results clearly revealed that honeybees perceive and 

prefer the fluorescence from chlorogenic acid under sunlight. 

 

 

 

3. Discussion 

 

  Our two-choice assay demonstrated that honeybees preferred blue fluorescent filter paper over the 

non-fluorescent filter paper. The EPIs had a higher correlation with AUCEm than with AUCAbs. This 

indicates that honeybees preferred the emission rather than the UV absorption, although the 

absorption may be also informative. The blue fluorescence emitted from pollen and anthers may be 

attractive to flower-visiting honeybees and other insects by providing additional photons to their 

reflection. An artificial blue light might be also attractable for them. Further experiments are 

required in order to clarify, whether pollinators use the fluorescence of pollen, anthers, and other 

floral structures under sunlight. The quantification of fluorescence quantum yields from pollen and 

anthers and an experimental approach in which the emission is quenched would be necessary. 

  For long-distance vision, honeybees rely on a contrast signal provided by their green receptors 

between the target and background, rather than on color signals (Giurfa et al. 1996; Dötterl and 

Vereecken 2010). Visual cues for bees appear to be more effective in close proximity to flowers, in 

a
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Fig. 3 Polarity of the choice by honeybees. (a) Relationship between EPI and UV intensity. Regression lines between 

EPIs and the UV intensity (ANCOVA: R2 = 0.736; concentration of chlorogenic acid, F6,112 = 2.21, P = 0.047; UV 

intensity, F1,112 = 74.81, P < 0.0001; interaction between two factors, F6,112 = 5.86, P < 0.0001). (b) Least-square 

mean EPIs with a Bonferroni correction for tested concentrations of chlorogenic acid. Different letters denote 

significant differences among the concentrations (post-hoc test, P < 0.05). Error bars represent 95% fiducial intervals 

of each least-square mean. 
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contrast to olfactory cues (Giurfa et al. 1996; Dafni et al. 1997; Dötterl and Vereecken 2010), and 

honeybees may use the fluorescence from pollen and anthers when they approach flowers. 

Fluorescences from nectars and other floral structures may also contribute to pollination by 

enhancing foraging efficiency in association with other cues. Pitcher peristomes of some carnivorous 

plants emit UV-induced blue fluorescence, which has been considered to function as a possible 

attractant to capture prey (Kurup et al. 2013). Fluorescent cues probably serve in mutualistic and 

commensal interactions between plants and insects. 

  Fluorescent pollen grains are found not only in entomophilous but also in anemopilous plants. The 

pollen of primitive gymnosperms such as the dawn redwood (Metasequoia glyptostroboides) and the 

red pine (Pinus densiflora) also show blue fluorescence under UV light (Fukui et al. 2017), although 

they do not require pollinating animals. The original function of fluorescent compounds could be the 

direct protection of DNA in pollen grains from UV light by absorption and subsequent emission of 

energy, and indirect protection by scavenging radicals from reactive oxygen species caused by UV 

radiation. Pollinating insects might later have begun to employ the fluorescent compounds as a guide 

to food sources. Pollinators exert selective pressures on floral characteristics and vice versa. The 

fluorescence from pollen and anthers could be a possible factor attracting pollinators toward flowers, 

and the mutualism between plants and pollinators through fluorescence might contribute to their 

co-evolution. 

 

 

 

4. Materials and methods 

 

Behavioral two-choice assay 

  The western honeybees (A. mellifera) were purchased from Higuchi Yohoen (Kyoto, Japan). The 

hive was placed on the rooftop of the building of the Graduate School of Agriculture, Kyoto 

University (Kyoto, Japan), and the honeybees were bred in the hive with 9 frames (Fig. 18a).  

  The feeder, designed by von Frisch (1967), was modified as illustrated in Fig. 18b. The modified 

feeder consisted of a glass cup (70 mm diameter, 45 mm height) filled with a 50% aqueous white 

sugar solution (w/v) and a circular acrylic plate SUMIPEX® (white and non-fluorescent, 85 mm 

diameter, 2 mm thickness; Sumitomo Chemical, Tokyo, Japan). The glass cup was inverted over an 

acrylic plate with 16 grooves (1 × 1 × 10 mm), cut in a radial arrangement on the surface. A petri 

dish (60 mm diameter, 15 mm height) containing 0.5 mL of vanilla oil (My Essence Vanilla, 
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MEIDI-YA, Tokyo, Japan) was put beneath the acrylic plate. A wire screen (80 mm diameter) was 

placed between the acrylic plate and the petri dish for ventilation.  

  White filter paper (ADVANTEC No. 2 Filter paper Qualitative 70 mm, Toyo Roshi Kaisha, 

Tokyo, Japan) was used for the behavioral assay. Fluorescent filter paper was prepared by adsorbing 

chlorogenic acid onto the filter paper. A MeOH solution of chlorogenic acid was uniformly applied 

onto a filter paper, and the filter paper was dried in air. The chlorogenic acid concentrations tested 

were 0.3, 1, 3, 10, 30, and 100 mg/g weight of the filter paper. The filter papers were sandwiched 

between two Labo-USQ quartz glass plates (90 mm diameter, 1 mm thickness; Daiko MFG, Kyoto, 

Japan), having light transmission rates of more than 90% in the range from 180 nm to 1200 nm, and 

the edge was sealed with Parafilm M® (Bemis, WI, USA). 

  The behavioral two-choice assay was carried out on the rooftop during November and December 

2016 to avoid the flowering season. The assay was performed between 10:30 am and 4:00 pm. The 

solar UV intensity between 290 nm and 390 nm was measured with an UV light meter UV-340A 

(Lutron Electronic Enterprise, Taipei, Taiwan) during each test. Honeybees were trained to forage 

from the feeder placed just in front of the hive entrance before the assay. Once visits of foraging 

honeybees to the feeder were confirmed, the feeder was moved gradually to 1, 3, 10, 15, and 20 m 

away from the hive entrance (Seeley 1995). After the training, the feeder was taken off, and two 

feeders were newly placed at 20 m away from the hive. Two filter papers were set on the top of the 

feeders at the same time. The distance between two feeders was 0.5 m. The honeybees had a choice 

at a distance of 20 m away from the hive between filter papers on the feeders under the following 

conditions: a filter paper containing chlorogenic acid on feeder 1 vs a plain filter paper on feeder 2 

for the test matches, and plain filter papers on both feeders for the control match. 

  The number of honeybee landings on both feeders was counted. One test was finished when the 

number of landings at either feeder reached 100. Tests were repeated 18 times for each match. The 

positions of feeders 1 and 2 were switched after every 3 tests. The feeders were cleaned with 

detergent every 3 tests. The numbers of honeybee landings at each feeder were converted into an 

excess proportion index (EPI) (Sakuma and Fukami, 1985), according to the following equation  

EPI =
NF1− NF2
NF1+ NF2 

where NF1 and NF2 are the numbers of honeybee landings at feeders 1 and 2, respectively. EPI 

values range from +1 to −1 and simply express polarity of the choice. Positive values indicate a 

positive approach response to feeder 1. 
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UV/Vis and fluorescence spectral analyses  

  UV/Visible absorption spectra of chlorogenic acid-containing filter papers were measured with a 

V-670 spectrometer (Jasco, Tokyo, Japan) equipped with an integrating sphere unit ISN-723 (Jasco). 

Fluorescence spectra of the filter papers were measured with an FP-8300 spectrofluorometer (Jasco). 

An FPA-810 powder sample cell block (Jasco) was used for both measurements. The absorption, 

excitation, and emission spectra were measured from 300 nm to 600 nm. Areas under the spectral 

curves (AUC) of absorbance (AUCAbs) and of emission (AUCEm) were integrated to compare the 

intensities among the concentrations. 

 

Statistics  

  Statistical analysis was performed using a general linear model with SAS® Studio version 3.6 

(SAS Institute, NC, USA). The polarity of the choice of honeybees for each match under various UV 

intensities was analyzed by using two-way analysis of covariance (ANCOVA) on the assumption of 

a Gaussian distribution of EPIs. The analysis employed the EPI as a dependent variable and the 

concentration of chlorogenic acid as an independent variable. The UV intensity was included as the 

covariate. Interaction between the concentration of chlorogenic acid and UV intensity was also 

included in the model. The least-square means were assessed with post-hoc tests to disentangle the 

differences among the concentrations for multiple comparisons. The significance levels of the 

post-hoc tests were corrected for multiple comparisons by applying a Bonferroni correction. The 

95% fiducial limits of the least-square mean EPIs were also calculated.  
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Chapter IV 
Fluorescence from abnormally developed pollen of the Japanese apricot 

 

 

 

1. Introduction 
 

  The Japanese apricot tree, Prunus mume Siebold & Zucc. (Rosaceae), is a deciduous tree native to 

China, and is considered to have been introduced into Japan ca. 2,000 years ago (Hayashi et al. 

2008). A wide variety of cultivars is cultivated for ornamental and commercial purposes, and their 

fruits are usually consumed in pickles and liqueurs. The annual yield of P. mume fruit fluctuated 

between 546.7 and 763.6 kg/10a in 2007–2016, based on statistics from the Ministry of Agriculture, 

Forestry and Fisheries of Japan (2018). These yields are at the poorest level among major fruit trees 

in Japan. The low and fluctuating yield is considered to be due to the self-incompatibility and 

male-sterility of major cultivars and the occurrence of imperfect flowers (Burgos et al. 2004; Tao et 

al. 2002; Yaegaki et al. 2003). The imperfect flowers are characterized by pistil abortions. These 

flowers usually show withered, short, and/or curved pistils, or in serious cases, absence of pistils 

(Hou et al. 2011; Nakanishi 1982; Sharma and Nayyar 2016; Sun et al. 2016; Zinn et al. 2010). 

Furthermore, in the flowering period between February and March, temperatures often drop below 

15°C, which deteriorates the foraging activity of pollinating insects. Pollination of P. mume is 

predominantly achieved by the western honeybee, Apis mellifera L., introduced into orchards, so that 

the foraging activity of honeybees is critical for ensuring fruit sets (Nakanishi and Ishii 1978; Potts 

et al. 2016). The pollen of P. mume is a valuable source for honeybees after winter clustering in 

early spring. The floral characteristics of P. mume in relation to the foraging activity of honeybees 

remain rudimentary.  

  Nakanishi (1982) examined the visual difference of flowers between male-fertile and -sterile 

cultivars of P. mume, and observed that the anthers of sterile cultivars 'Shirokaga', 'Gyokuei', and 

'Gojiro' fluoresce under UV irradiation, while those of fertile cultivars 'Koshusaisho', 'Oshuku', and 

'Aogiku' do not. Recently, we have found that the most cultivated male-fertile cultivar 'Nanko' bears 

two types of flowers in individual trees: those with anthers with pollen that fluoresce under UV 

irradiation, and those with anthers with pollen that do not. The difference may be implicated in their 

development, and may influence the foraging behavior of honeybees. The difference in development 
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between the non-fluorescent and fluorescent pollen of P. mume cv. Nanko was examined in relation 

to the foraging behavior of honeybees. 

 

 

 

2. Results 

 

Morphology and viability of pollen grains 

  The two types of flowers of Prunus mume cv. Nanko are shown in Fig. 21a: flowers with anthers 

bearing pollen that emit blue fluorescence under UV irradiation, and those that do not. 

Approximately 33% of flowers in individual trees bore the fluorescent pollen at the time of 

blooming (n = 2). Under white light, while the non-fluorescent pollen appeared yellow (Fig. 21b), 

the fluorescent pollen appeared white (Fig. 21c). The anthers with white pollen had relatively lighter  

NF

F F F

NF

a

b

c

White light UV light

Fig. 1 Photographs of the two types of flowers of Prunus mume cv. Nanko under white light (left) and UV light (365 

nm; right). (a) Flowers with anthers bearing non-fluorescent pollen (NF) and those bearing fluorescent pollen (F). 

Dehisced anthers of (b) NF and (c) F. 
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Fig. 2 Electron microscopic images of non-fluorescent pollen (left) and fluorescent pollen (right) at the bicellular 

pollen stage. SEM micrographs of (a) pollen, (b) whole grains, and (c) its magnified views. Arrowheads and asterisks 

indicate the tectal perforations and apertures, respectively. TEM micrographs of the sections of the pollen: (d) whole 

grains and (e) details of the pollen wall. Scale bars: (a) 50 Pm, (b) 10 Pm, (c) 5 Pm, (d) 10 Pm, and (e) 500 nm. In, 

intine; PM, plasma membrane; En, endexine; FL, foot layer; Co, collumera; Tc, tectum; Pk, pollenkitt. 
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a
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Non-fluorescent pollen Fluorescent pollen

Fig. 3 Viabilities of non-fluorescent pollen (left) and fluorescent pollen (right). (a) Pollen after 2 min cultivation in 

Lugol's solution. (b) Pollen after 12 h cultivation on 1% agar medium with 15% sucrose and 0.01% boric acid. 

Arrowheads indicate pollen tubes. 

 

 

 

 

 

 

 

 

 

 

 

yellow anther walls. The yellow pollen and the anther walls did not emit fluorescence. The color 

difference between the two types of anthers is discussed in the section on colorimetry. The anthers 

bearing fluorescent pollen were slightly smaller than those with the non-fluorescent pollen (Fig. 21b, 

c). There appeared to be no difference between the two types of flowers in other floral structures 

such as the pistil, petal, and sepal.  

  SEM indicated that the non-fluorescent pollen grains were elliptical and triaperturate with 

germinal furrow extending almost the full length of the grains (Fig. 22a). On the other hand, the 

fluorescent pollen grains were abnormally collapsed and firmly fixed to the anther wall. The sexine 

of the non-fluorescent pollen grains had a striate ornamentation pattern with perforated tectum (Fig. 

22b, c). Although the fluorescent pollen grains showed a similar pattern to the non-fluorescent ones, 

no tectal perforations were observed. Cross-sectional ultrastructures of these pollen grains were 

examined by TEM, which confirmed plasmolysis of the fluorescent pollen (Fig. 22d). The 

non-fluorescent pollen showed a pollen wall consisting of intine, continuous thin endexine, foot 

layer, columella, tectum, and pollenkitt filling the sculptured cavities of exine (Fig. 22e; Punt et al. 

2007). The striate ornamentation pattern and exine stratification structure of the non-fluorescent 

pollen are mostly consistent with other Rosaceae species (Song et al. 2016, 2017). The fluorescent 

pollen grains exhibited densely and nonuniformly arranged exine, and lacked pollenkitt and intine.  

  The non-fluorescent pollen accumulated starch granules, as confirmed by staining with Lugol's 

solution (Fig. 23a). However, the fluorescent pollen grains were almost devoid of starch granules. 

The pollen germination rate of the non-fluorescent pollen was 60.5 ± 4.8% in in vitro cultivations, 

whereas that of the fluorescent pollen was 0 ± 0% (Fig. 23b).  
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Fig. 4 Sections of normally developed anthers with pollen (a–i) and abnormally developed ones (j–r) at the 

unicellular microspore stage (a, d, g, j, m, and p), interphase (b, e, h, k, n, and q), and the bicellular pollen stage (c, f, 

i, l, o, and r). Arrowheads indicate nuclei. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pollen development within anthers  

  Development of anthers and pollen was investigated using floral buds at different developmental 

stages to disclose how the fluorescent pollen grains occurred. The pollen development was classified 

into three stages according to the number of DAPI-stained pollen nuclei: unicellular microspore 

stage, bicellular pollen stage, and interphase containing both unicellular and bicellular pollen (Fig. 

24). At the unicellular microspore stage, all anthers contained microspores surrounded by tapetum, 

middle layer, endothecium, and epidermis (Fig. 24d, m; Sanders et al. 1999). In the normally 

developed anthers, a tapetal programmed cell death was initiated between the unicellular microspore 

stage and interphase (Fig. 24d, e; Quilichini et al. 2015), and the tapetum completed the 

degeneration by the bicellular pollen stage (Fig. 24f).  

  Several anthers displayed abnormally vacuolated tapetal cells at the unicellular microspore stage 

and interphase (Fig. 24m, n). At further developed stages, the vacuolated tapetum disappeared, and 

all pollen were collapsed (Fig. 24o). Although the anthers, such as in Fig. 24o, appeared to be at the 

bicellular pollen stage according to the degenerated tapetum, nuclei were not detected in the pollen.  

  Under UV 365 nm irradiation, both the normally and abnormally developed microspores emitted 

bright blue fluorescence at the unicellular microspore stage (Fig. 24g, p). While the fluorescence of 

the normally developed microspores disappeared at interphase (Fig. 24h), that of the abnormally 

developed microspores remained until the bicellular pollen stage (Fig. 24p–r).  
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Colorimetry of the anthers with pollen grains 

  The visible spectrum of honeybees, Apis mellifera L., ranges from approximately 300 nm to 650 

nm based on trichromatic vision with the maxima of peak sensitivities at UV (344 nm), blue (436 

nm), and green (544 nm), whereas that of human beings ranges from approximately 400 nm to 700 

nm (Bowmaker and Dartnall 1980; Peitsch et al. 1992). The color difference of petals and anthers 

with pollen between the two types of flowers were analyzed to examine whether honeybees can 

distinguish between them. The diffuse reflectance spectrum of the anthers with fluorescent pollen 

showed 1.0–9.3% higher reflectance than those of the anthers with non-fluorescent pollen across the 

range of 350 nm to 700 nm (Fig. 25a). The petals of both types of flowers displayed almost the same 

reflectance spectra, so the averaged reflectance spectrum of the petals was applied as a background 

of the anthers for the calculations.  

  The color loci of the anthers with pollen in a color hexagon space were calculated, considering the 

spectral sensitivity of the honeybee photoreceptors (Fig. 25b; Chittka 1992; Peitsch et al. 1992). The 

color loci of both types of anthers with pollen were classified as bee-UV-Green. A color distance 

from the center, representing the background petal, to the anthers with non-fluorescent pollen was 

0.236 hex units, and that to the anthers with fluorescent pollen was 0.218 hex units. The pairwise 

distance between the color loci of the two types of anthers with pollen was 0.024 hex units.  
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Fig. 5 Reflectance characteristics of anthers with pollen and petals. (a) Diffuse reflectance spectra of anthers with 

pollen (red) and petals (blue) from the flowers with anthers bearing non-fluorescent pollen, and those (orange and 

light blue, respectively) from the flowers with anthers bearing fluorescent pollen. (b) Color loci of anthers with 

non-fluorescent pollen (red) and those with fluorescent pollen (orange) plotted in the bee color hexagon (Chittka 

1992). EUV, EB, EG: excitation of the UV-, blue-, and green-sensitive photoreceptors, respectively. 



 

 67 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Since the diffuse reflectance spectra do not include fluoresced photons, the fluorescence 

characteristics of the anthers with pollen were examined with the fluorescence spectra (Fig. 26a), 

and their intensities were evaluated by areas under the curves of emission spectra, AUCEm (Fig. 26b). 

The anthers with non-fluorescent pollen displayed excitation maxima (OEx) at 324 nm and emission 

maxima (OEm) at 439 nm, and those with fluorescent pollen displayed OEx and OEm at 340 nm and 444 

nm, respectively. The AUCEm of the anthers with fluorescent pollen was significantly higher than 

those with the non-fluorescent pollen (Fig. 26b; 6.3-fold, t (4) = 21.59, p < 0.001). 

 

Isolation and identification of major constituents from anthers and pollen grains 

  The chemical constituents of the non-fluorescent anthers and of the fluorescent anthers were 

analyzed by HPLC. The extracts from the anthers with non-fluorescent pollen yielded three 

fluorescent compounds (2, 5, and 6), one yellow pigment (7), and eight non-fluorescent 

UV-absorbing compounds (8–15) as major constituents (Fig. 27a). In the extract from the anthers 

with fluorescent pollen, 2, 5, 6, 8, and a limited amount of 9–11 were detected, but 12–15 were not 

(Fig. 27b). The yellow pigment 7 isolated from the extract of the anthers with non-fluorescent pollen 

was identified as quercetin 3-O-E-D-glucoside (7) (Bennini et al. 1992; Perkin 1909), based on its 1H 

NMR and LC-MS spectral data. The LC-MS analysis of the mixture of 8–15 showed that they all 

had the same molecular formula C34H37N3O6 (Fig. 28). A 1H NMR spectrum of this mixture  
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Fig. 6 Fluorescence characteristics of anthers with pollen and petals. (a) Excitation spectra (dashed lines) and 

emission spectra (solid lines) of anthers with non-fluorescent pollen (green) and those with fluorescent pollen (blue). 

(b) AUCEm of the two types of anthers with pollen. NF, Anther with non-fluorescent pollen; F, those with fluorescent 

pollen. AUCEm represents the intensity of emission between 350 to 600 nm. Error bars indicate SE. * p < 0.001. 
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exhibited clusters of signals at around 7.6–5.7 ppm and 3.7–1.5 ppm, corresponding to olefinic / 

aromatic and methylene protons, respectively. These spectral data suggest that 8–15 are the eight 

possible E-Z isomers of N1,N5,N10-tri-p-coumaroylspermidine (EEE, EEZ, EZE, ZEE, EZZ, ZEZ, 

ZEE, and ZZZ), wherein double bonds are present in each of the three p-coumaroyl moieties. As the 

isomerization of olefinic double bonds is catalyzed by light (Kahnt 1967), further separation of 8–15 

by HPLC was conducted in the dark. The HPLC chromatogram of the mixture of 8–15 is shown in 

Fig. 29. The peaks corresponding to 9–11 and 12–14 partially overlapped, and thus they were 

separated by a peak shaving method (Bidlingmeyer 1993). The 1H NMR chemical shifts of the 

olefinic proton signals of 8–15 are summarized in Table 2. Compounds 8, 10–12, and 15 were 

identified as N1,N5,N10-tri-p-(ZZZ)-, (EZZ)-, (ZZE)-, (EZE)-, and (EEE)-coumaroylspermidine, 

respectively, by comparison of their 1H NMR spectra with literature data (Fig. 30; Jiang et al. 2008; 

Li et al. 2013; Ma et al. 2001; Strack et al. 1990; Zhao et al. 2010). Each isomer of 

N1,N5,N10-tri-p-coumaroylspermidine showed pairs of proton signals due to the rotamers caused by a 

hindered rotation of N5-p-coumaroyl amide (Ma et al. 2001; Meurer et al. 1988b). Undescribed 
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Fig. 7 HPLC chromatograms of an extract from anthers with pollen. (a) Extract from anthers with non-fluorescent 

pollen and (b) those with fluorescent pollen. Operating conditions: column, ODS; solvent, 0.1% AcOH in 39% 

MeOH (1 mL/min); detection, UV 254 nm. 
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isomers (9, 13, and 14) were obtained as mixtures of 9–11 and 12–14 (Fig. 29). The E-Z 

configurations of 9, 13, and 14 were elucidated by comparing their 1H NMR spectra with those of 1 

and 8, as follows. 
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Fig. 8 LC-MS analysis of the mixture of 8–15. (a) UPLC chromatogram detected at 254 nm. (b) Total ion 

chromatogram. (c) MS chromatogram for m/z 584.27. Continued on the next page. 
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(d) Mass spectra for 8 (tR 8.132 min), 9 (tR 9.338 min), 10 (tR 9.800 min), 11 (tR 10.171 min), 12 (tR 10.801 

min), 13 (tR 11.187 min), 14 (tR 11.753 min), and 15 (tR 12.238 min). 

 

1. , , , , , , , , , , , , , , , , , , , , , , I , •• , • , , , , , , .l,I, /, , , .. , , , , , , , , , , , , . , . , , , , 

1 <,,.,,' I. I I ii I I I I I I I I I I I I I I I " " I I I I ii I ii I I ii I I ii I I I 

1. ,(,, ,,, . . . . I , ....•...• ,I, ..•....•.. LI( . . . . . . . . . . . . . . . . . . ..... 

1 .. ll, I 1, I, ' • ' 1,,, ' ' ' ' ' . ' ' ' I , ' ' ' ' ' ' ' ' ' ' L,1c ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 

1 .. Ci11 I,,,' l, .. .. ' . . . .1 .. ' . ... ' ' ' L le .. ' .. ' . '. . . . . ' .... ' 

I I I I I " " I I I I ii I ii I I Ii I I ii I I I 

1 .Ji,~ 1 I,. • ,., L.. . . . . . . . . . . . ......... 1 ,, .. ~ . . . . . . . . . . . . . . . . . . .... . 

l. r1, I 1.1 ••....••.. L ..... , ................... , .. 1 ,l-, ..•... 1 ......................... , .... , 



 

 71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

37.84
61.97

64.61

105.40

110.31

183.36

35 40 555045 60 65 70 75 100 105 110 120115 125 175 180 195185 190

Retention time (min) 

8
9, 10

11

12

13, 14

15

Fig. 9 HPLC chromatogram of N1,N5,N10-tri-p-coumaroylspermidine isomers. tRs: 8 (37.84 min), 9 and 10 

overlapped (61.97 min), 11 (64.61 min), 12 (105.40 min), 13 and 14 overlapped (110.31 min), and 15 (183.36 min). 

Operating conditions: column, ODS; solvent, 0.1% AcOH in 39% MeOH (1 mL/min); detection, UV 254 nm. 
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Fig. 10 Structures of 8–15. 

H (J in Hz)
ZZZ (8) ZEZ (9) EZZ (10) ZZE (11) EZE (12) ZEE (13) EEZ (14) EEE (15)

H-7' 6.63 / 6.61 (12.7) OL 7.46 / 7.42 (15.8) 6.62 / 6.60 (12.5) 7.43 (15.7)* 6.62 / 6.60 (12.5) 7.44 / OL (16.3) 7.45 / 7.44 (16.0)

H-8' 5.85 / 5.84 (12.7) 5.83 / OL (12.1) 6.41 / 6.35 (15.8) 5.84 / 5.78 (12.5) 6.36 / 6.35 (15.7) 5.83 / 5.80 (12.5) 6.41 / 6.37 (16.3) 6.41 / 6.37 (16.0)

H-7'' 6.58 / 6.53 (12.8) 7.51 / 7.45 (15.4) 6.53 / 6.58 (12.7) 6.59 / 6.55 (12.5) 6.59 / 6.55 (12.6) 7.54 / 7.51 (15.6) 7.52 / 7.50 (16.0) 7.54 / 7.52 (15.3)

H-8'' 5.92 / 5.90 (12.8) 6.81 / 6.80 (15.4) 5.95 / 5.90 (12.7) 5.94 / 5.93 (12.5) 5.97 / 5.93 (12.6) 6.85 / 6.79 (15.6) 6.84 / 6.79 (16.0) 6.87 / 6.82 (15.3)

H-7''' 6.65 / 6.63 (12.7) 6.65 / OL (12.7) 6.64 / 6.62 (12.6) 7.46 / 7.43 (15.8) 7.46 (15.8)* 7.48 / 7.47 (15.6) 6.64 (12.8)* 7.48 / 7.47 (16.2)

H-8''' 5.79 / 5.78 (12.7) 5.80 / OL (12.7) 5.85 / 5.79 (12.6) 6.42 / 6.36 (15.8) 6.43 / 6.41 (15.8) 6.42 (15.6)* 5.84 / 5.83 (12.8) 6.42 (15.7)*

Table 1 Olefinic signals of 8–15 in 1H NMR (400 MHz, methanol-d4). OL indicates that the signals were overlapped 

with other signals. Asterisks denote that the signals of two rotamers overlapped. 
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  Compound 9 was obtained as a major compound in a mixture with 10 and 11 (9:10:11 = 47:26:27). 

The 1H NMR spectrum of this mixture showed three (Z)-olefinic proton signals of 9 at G 6.65 (1H, d, 

J = 12.7 Hz, H-7'''), 5.83 (1H, d, J = 12.1 Hz, H-8'), and 5.80 (1H, d, J = 12.7 Hz, H-8'''), 

corresponding to the protons of the N1- and N10-(Z)-coumaroyl moieties of 8. A pair of (E)-olefinic 

proton signals of 9 at G 7.51 (1H, d, J = 15.4 Hz, H-7''), 7.45 (1H, d, J = 15.4 Hz, H-7''), 6.81 (1H, d, 

J = 15.4 Hz, H-8''), and 6.80 (1H, d, J = 15.4 Hz, H-8'') corresponded to those of a N5-coumaroyl 

moiety of 15. The other olefinic proton signals of H-8', H-7''', and H-8''', a signal pair of H-7', and 

signals of aromatic and spermidine moieties of 9 overlapped each other or with signals derived from 

p-coumaroyl moieties of 10 and 11. These assignments allowed the identification of 9 as 

N1,N5,N10-tri-p-(ZEZ)-coumaroylspermidine.  

  Compound 13 was obtained as a mixture with 14 (13:14 = 76:24). The 1H NMR spectrum of this 

mixture showed a pair of (Z)-olefinic proton signals of 13 at G 6.62 (1H, d, J = 12.5 Hz, H-7'), 6.60 

(1H, d, J = 12.5 Hz, H-7'), 5.83 (1H, d, J = 12.5 Hz, H-8'), and 5.80 (1H, d, J = 12.5 Hz, H-8'), 

corresponding to those of a N1-p-(Z)-coumaroyl moiety of 8, and two pairs of (E)-olefinic proton 

signals at G 7.54 (1H, d, J = 15.6 Hz, H-7''), 7.51 (1H, d, J = 15.6 Hz, H-7''), 7.48 (1H, d, J = 15.6 Hz, 

H-7'''), 7.47 (1H, d, J = 15.6 Hz, H-7'''), 6.85 (1H, d, J = 15.6 Hz, H-8''), 6.79 (1H, d, J = 15.6 Hz, 

H-8''), and 6.42 (2H, d, J = 15.6 Hz, two rotamers overlapped, H-8'''), corresponding to those of N5- 

and N10-p-(Z)-coumaroyl moieties of 15. The signals of aromatic and spermidine moieties of 13 

overlapped each other or with signals of 14. Compound 13 was identified as 

N1,N5,N10-tri-p-(ZEE)-coumaroylspermidine, based on these signal assignments. 

  Compound 14 was obtained as a mixture with 12 (12:14 = 41:9). The 1H NMR spectrum of this 

mixture showed a pair of (Z)-olefinic proton signals of 14 at G 6.64 (2H, d, J = 12.8 Hz, two 

rotamers overlapped, H-7'''), 5.84 (1H, d, J = 12.8 Hz, H-8'''), and 5.83 (1H, d, J = 12.8 Hz, H-8'''), 

corresponding to those of a N10-p-(Z)-coumaroyl moiety of 8, and two pairs of (E)-olefinic proton 

signals at G 7.52 (1H, d, J = 16.0 Hz, H-7''), 7.50 (1H, d, J = 16.0 Hz, H-7''), 7.44 (partially 

overlapped, d, J = 16.3 Hz, H-7'), 6.84 (partially overlapped, d, J = 16.0 Hz, H-8''), 6.79 (partially 

overlapped, d, J = 16.0 Hz, H-8''), 6.41 (1H, partially overlapped, d, J = 16.3 Hz, H-8'), and 6.37 (1H, 

partially overlapped, d, J = 16.3 Hz, H-8'), corresponding to those of N1- and N5-p-(E)-coumaroyl 

moieties of 15. The other olefinic proton signal H-7' of 14 overlapped with other signals of 

p-coumaroyl moieties of 12. Compound 14 was identified as 

N1,N5,N10-tri-p-(EEZ)-coumaroylspermidine, based on these signal assignments. 

  These structure elucidations confirmed that the isomers of N1,N5,N10-tri-p-coumaroylspermidine 

were eluted from the ODS column in the following order: ZZZ (8), ZEZ (9), EZZ (10), ZZE (11),  
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EZE (12), ZEE (13), EEZ (14), and EEE (15) (Fig. 29). The difficulties encountered in the separation 

of the (EZZ/ZEZ/ZZE)- and (EZE/EEZ/ZEE)-isomers may be due to their structural similarities.  

  Amounts of 2 and 5–15 in the anthers with pollen are summarized in Table 3. The amount of 2 

was 3.2 mg/g DW in the anthers with non-fluorescent pollen, whereas it was significantly higher in 

the anthers with fluorescent pollen (21.6 mg/g DW; 6.8-fold). The amount of 7 was significantly 

higher in the anthers with fluorescent pollen, compared to the anthers with non-fluorescent pollen 

(17.1 vs 11.2 mg/g DW; 1.5-fold). In contrast, the total amount of E-Z isomers 8–15 was 

significantly higher in the anthers with non-fluorescent pollen than that in the anthers with 

fluorescent pollen (12.2 vs 3.2 mg/g DW; 3.8-fold). There was no significant difference in the total 

amount of E-Z isomers 5–6 between the two types of anthers with pollen (2.1 vs 1.6 mg/g DW). 

 

Fluorescence and UV/Vis absorption spectral profiles of 2 and 5–12 

  Fluorescence spectra of the methanol solution of 2, 5, and 6 showed their OEx and OEm as follows: 

383 nm and 453 nm (2); 355 nm and 433 nm (5); and 339 nm and 431 nm (6), respectively (see 

Chapter II). UV/Vis absorption spectra of 7, 8, mixtures of 9–11 (9:10:11 = 47:26:27) and 12–14 

(12:13:14 = 59:12:29), and 15 are shown in Fig. 31. The absorption spectrum of 7 displayed its 

absorption maxima OAbs at 358 nm. Compound 8 exhibited a OAbs at 274 nm, the shortest among the  

Compounds
Amount (mg/g DW)

NF F

Chlorogenic acid (2) 03.2 ± 0.1 21.6 ± 0.7

Quercetin 3-O-β-D-glucoside (7) 17.1 ± 0.5 11.2 ± 0.2

20.00, < 0.01

1-O-(E)-Feruloyl-β-D-glucose (5)

1-O-(Z)-Feruloyl-β-D-glucose (6)

02.0 ± 0.2

00.1 ± 0.0

01.3 ± 0.3

00.3 ± 0.0

01.60, 0.18Total amount of 5 + 6 02.1 ± 0.2 01.6 ± 0.2

N1,N5,N10-Tri-p-(ZZZ)-coumaroylspermidine (8)

(ZEZ)-isomer (9)

(EZZ)-isomer (10)

(ZZE)-isomer (11)

(EZE)-isomer (12)

(ZEE)-isomer (13)

(EEZ)-isomer (14)

(ZZZ)-isomer (15)

04.2 ± 0.3 03.0 ± 0.2

03.2 ± 0.2

01.4 ± 0.1

03.4 ± 0.1

00.2 ± 0.1

ND

ND

08.91, < 0.01

14.47, < 0.01Total amount of 8–15 12.2 ± 0.5 03.2 ± 0.4

t (4), P

Table 2 Amounts of 8–15 in anthers with pollen. 

Values represent means ± SE from three replications. NF, anthers with non-fluorescent pollen; F, anthers with fluorescent 
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isomers. The OAbs were at 286 nm for the mixture of 9–11, at 293 nm for the mixture of 12–14, and 

at 310 nm for 15. Compounds 8–15 exhibited absorption maxima at wavelengths proportional to the 

number of (Z)-double bonds in the molecule (the shorter the wavelength, the greater the number of 

(Z)-double bonds). These characteristics of 8–15 would be attributed to the nonplanarity of the 

(Z)-form (Beale and Roe 1953), as described in Chapter V. 

 

Distributions of 2 and 8–15 in anthers and pollen 

  The amounts of 2 and 8–15 were largely different between the two types of anthers with pollen 

(Table 3). MALDI-MS/MS imaging analyses were performed on-tissue to examine the distributions 

of 2 and 8–15 at the bicellular pollen stage. Compound 2 was detected by a fragment ion at m/z 

191.04, corresponding to [M−H−caffeoyl]− (Fig. 32a). The peak intensity of 2 in the MS imaging 

was approximately 3.3-fold higher in the anthers with fluorescent pollen compared to those with 

non-fluorescent pollen. In the anthers with fluorescent pollen, 2 was distributed throughout the entire 

anther and pollen, with the highest concentrations in the endothecium and pollen grains (Fig. 32b).  

  Compounds 8–15 (isomers not distinguished) were detected by a fragment ion at m/z 420.22, 

corresponding to [M+2H−H2O−coumaroyl]2+ (Fig. 32c). The peak intensity of 8–15 in the MS 

imaging was approximately 14.3-fold higher in the anthers with fluorescent pollen compared to the 

anthers with non-fluorescent pollen. Compounds 8–15 were distributed evenly across the anther and 

non-fluorescent pollen grains (Fig. 32d), with the highest abundance in the pollen. Only a limited 

amount of 8–15 was detected in the anthers with non-fluorescent pollen.  
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Fig. 11 UV/Vis absorption spectra of 7 (gray), 8 (blue), a mixture of 9–11 (light blue), a mixture of 12–14 (orange), 

and 15 (red). 
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3. Discussion  

 

  The pollen viability test showed that the fluorescent pollen grains were completely sterile (Fig. 

23b). The occurrence of fluorescent pollen in 33% of flowers in individual trees indicates that these 

flowers underwent abnormal development to be sterile. The electron microscopic observations 

confirmed that the sterile pollen was abnormally collapsed and devoid of pollenkitt and intine (Fig. 

22). Intine development begins at the unicellular microspore stage, and pollenkitt is provided 

through tapetal programmed cell death at the bicellular pollen stage (Carrizo García et al. 2017; 

Sanders et al. 1999). In the abnormally developed anthers, tapetal cells were vacuolated at the 

Fig. 12 Distributions of 2 and 8–15 in anthers and pollen at the bicellular pollen stage. (a) MS chromatograms and 

(b) distributions of 2 (m/z 191.04) in anthers with non-fluorescent pollen (NF; upper) and anthers with fluorescent 

pollen (F; lower), and (c and d, respectively) those of 8–15 (m/z 420.22; isomers not distinguished). 
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unicellular microspore stage, even filling the anther locule (Fig. 24). The absences of pollenkitt and 

intine and the vacuolated tapetum suggest a failure in the development of the anther and pollen at the 

early unicellular microspore stage (Fig. 22d). Male reproductive development is the most sensitive 

stage to various environmental stresses. Similar tapetal vacuolation has been observed in 

cold-stressed rice anthers (Mamun et al. 2006, 2010; Oda et al. 2010).  

  The anthers with sterile pollen contained a significantly higher amount of fluorescent compound 2, 

compared to those with fertile pollen. Phenylpropanoids, including 2, are induced in response to 

environmental stresses, including low temperature (Dixon and Paiva 1995; Koeppe et al. 1970). This 

is consistent with tapetal vacuolation at the unicellular microspore stage. Low temperature stress 

during the early unicellular microspore stage may cause the abortion of pollen development in P. 

mume cv. Nanko. MALDI-MS/MS imaging suggested that a substantial amount of 2 exists on the 

surface of sterile pollen grains. Compound 2 may have been accumulated in the abnormally 

vacuolated tapetum, and then deposited onto the surface of sterile pollen by tapetal degradation.  

  N1,N5,N10-Tri-p-coumaroylspermidine isomers 8, 10–12, and 15 have been previously isolated 

from the flowers and anthers of several plant species (Bokern et al. 1995; Jiang et al. 2008; Sobolev 

et al. 2008; Werner et al. 1995; Zhao et al. 2010). However, 9, 13, and 14 have not been previously 

described. The anthers and pollen are exposed to sunlight, so the isomers may arise from 

photoisomerization under the sun in vivo, considering their high photosensitivity. Hydroxycinnamic 

acid amide (HCAA) derivatives including N1,N5,N10-tri-p-coumaroylspermidine constitute a major 

group of specialized metabolites resulting from the conjugation of hydroxycinnamic acid with 

polyamines (i.e., putrescine, spermidine, and spermine), present in plant seeds, roots, and 

reproductive organs (Buta and Izac 1972; Cabanne et al. 1981; Fu et al. 2008; Hedberg et al. 1996; 

Luo et al. 2009; Mbadiwe 1973; Meurer et al. 1988a, b; Yang et al. 2012; Yoshihara et al. 1981). 

Polyamines are essential for life due to their diverse physiological functions in organogenesis, 

embryogenesis, floral initiation and development, leaf senescence, fruit development and ripening, 

and (a)biotic stress responses (Alcázar et al. 2010; Martin-Tanguy 2001; Moschou et al. 2012). 

Recently, polyamines were implicated in plant hormone biosynthesis and/or signaling (Alcázar et al. 

2010; Anwar et al. 2015; Bassard et al. 2010; Bitrián et al. 2012; Morant et al. 2007b; Wimalasekera 

et al. 2011). Although the precise functions of HCAAs have yet to be elucidated (Fellenberg and 

Vogt 2015), HCAAs have been implicated in growth and developmental processes, and protection 

from UV-induced damage, microbial infection, and insect herbivory (Aloisi et al. 2016; Bassard et al. 

2010; Facchini et al. 2002; Kaur et al. 2010; Walters et al. 2001). Previously, HCAAs were regarded 

as end products; more recently, their involvement in polyamine homeostasis and phenolic 
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metabolism has been proposed (Matsuno et al. 2009; Vogt 2010).  

  MALDI-MS/MS imaging on anthers with fertile pollen showed that 8–15 were distributed entirely 

within the anther and pollen, with the highest amount in the pollen. This indicates that the pollenkitt 

of fertile pollen contains 8–15, as exemplified in Arabidopsis thaliana (Brassicaceae; Grienenberger 

et al. 2009) and the apple tree, Malus domestica (Rosaceae; Elejalde-Palmett et al. 2015). 

Compounds 8–15 are synthesized by a spermidine hydroxycinnamoyltransferase (SHT) 

(Elejalde-Palmett et al. 2015; Grienenberger et al. 2009). Since the sht knockout mutants show the 

abnormally crushed phenotype of pollen grains, hydroxycinnamoylspermidines, including 

N1,N5,N10-tri-p-coumaroylspermidine, have been considered to be the components of sporopollenin 

(Elejalde-Palmett et al. 2015; Grienenberger et al. 2009). The deficiency of 8–15 in the anthers with 

sterile pollen is consistent with the morphological abnormality of exine and suggests that the flowers 

were exposed to stresses. 

  Pollenkitt of entomophilous plants typically contains pigments, such as flavonoids and 

carotenoids (Ferreres et al. 1989; Jiang et al. 2012), that are extractable from underlying exine with 

methanol (see Chapter II). After extraction with methanol, the fertile pollen grains became colorless 

and exhibited blue fluorescence (data not shown). Furthermore, in the normally developed anthers, 

the fluorescence of microspores disappeared as the pollenkitt deposited on the exine (Fig. 24). These 

are indicative that the absence of pollenkitt is responsible for the colorlessness and fluorescence. 

Ferulic acid has been demonstrated as a precursor of sporopollenin (Rozema et al. 2001; Xu et al. 

2017), although the chemical structure of sporopollenin has not been elucidated (Mackenzie et al. 

2015; Quilichini et al. 2015). The remnant fluorescence after extraction may be emitted from 

fluorophores such as caffeoyl and feruloyl moieties embedded in sporopollenin. The UV-absorbing 

compounds 7–15 in the pollenkitt would prevent UV light from reaching the underlying exine; thus, 

the pollenkitt-covered fertile pollen may not display fluorescence. The anthers with fertile pollen 

contained relatively small amounts of fluorescent compounds 2, 5, and 6. As the absorption spectra 

of 7–15 overlap with the excitation and emission spectra of 2, 5, and 6, the high amounts of 7–15 

may quench the fluorescence of 1–3 through the primary and secondary inner-filter effects (Parker 

and Rees 1962). The emission spectra of 2, 5, and 6 corresponded well with that of the anthers with 

sterile pollen, suggesting that the fluorescence of sterile pollen is derived from these compounds. 

After extraction with methanol, the blue fluorescence of sterile pollen remained, so the embedded 

fluorophore may also contribute to the total fluorescence.  

  Bees discriminate human-gray from -yellow, with approximately 75–80% accuracy, when their 

color distance is 0.025 hex units (Dyer and Neumeyer 2005). The color distance from the anthers 
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with fertile pollen and background petal, representing the contrast between them, was 0.236 hex 

units, and that to the anthers with sterile pollen was 0.218 hex units. Both types of anthers may be 

easily detectable by honeybees against the petal background. The color distance between the two 

loci was 0.024 hex units, suggesting that honeybees distinguish between the two types of anthers by 

their reflection. Furthermore, the emission spectra of the anthers with pollen overlap the sensitivity 

curve of honeybee photoreceptors, implying that honeybees can perceive blue emission (Peitsch et al. 

1992). The fluorescence emitted from the sterile pollen would contribute to the total emerging light 

(fluoresced + reflected photons), enhancing the visual signaling to pollinators. As honeybees prefer 

the blue fluorescence of chlorogenic acid (see Chapter III), the fluorescence may have an influence 

on their foraging behavior.  

  One possible cause of low and fluctuating yield of P. mume is abnormal sterile pollen, likely 

caused by low temperature stress at the male reproductive stage. Another is the foraging efficiency 

of honeybees introduced into orchards. The sterile pollen was devoid of starch granules, so the fertile 

pollen may be more nutritious for honeybees. However, if pollinating honeybees preferred the sterile 

pollen, the cross-pollination efficiency of P. mume might deteriorate.  

 

 

 

4. Materials and methods 

 

Plant material  

  Flowers and buds of the Japanese apricot, Prunus mume Siebold & Zucc. cv. Nanko (Rosaceae) 

were collected at The Garden of Medicinal Plants, Kyoto Pharmaceutical University (Kyoto, 

Japan) and the experimental farm of Kyoto University (Kyoto, Japan) from February to March 

2017.  

 

Photography 

  Photographs of flowers were taken with an EOS 60D camera (Canon, Tokyo, Japan) equipped 

with an EF-S60 mm F2.8 MACRO USM lens (Canon). The anthers and pollen were photographed 

with the camera EOS 60D connected to an SMZ-1500 stereomicroscope (Nikon, Tokyo, Japan). 

Fluorescent lamps HGX FHF32EX (32 W; NEC lighting, Tokyo, Japan) were used for white light 

illumination, and two Handy UV lamps LUV-16 (365 nm, 16 W; ASONE, Osaka, Japan) for UV 

illumination. 
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Reagents  

  9-Aminoacridine was purchased from Tokyo Chemical Industry (Tokyo, Japan). Other reagents 

were purchased from Wako Pure Chemical Industries (Osaka, Japan). Wakogel® C-200 silica gel 

(Wako Pure Chemical Industries) was used for silica gel column chromatography. Ultrapure water 

was obtained by Genpure UV-TOC xCAD PLUS (Thermo Fisher Scientific, MA, USA). All 

reagents were of analytical grade.  

 

Pollen viability test  

  The anthers were incubated to be dehisced at 20°C for 10 h in an IC800 incubator (Yamato 

Scientific, Osaka, Japan). The non-fluorescent and fluorescent pollen were collected under UV 

illumination. The two types of pollen grains were separately cultivated on the mediums containing 

1% agar (w/v), 15% sucrose (w/v), and 0.01% boric acid (w/v) for 12 h in the dark. Temperature 

and humidity were maintained at 20°C and 85%, respectively, during the tests. The tests were 

replicated three times for both types of pollens, and germination rates were presented as mean ± SE. 

Images were captured with the EOS 60D camera connected to the SMZ-1500 stereomicroscope. 

  The non-fluorescent and fluorescent pollen grains were stained for 5 min with Lugol's solution 

(Johansen 1940). Images were captured with the EOS 60D camera attached to a BX50 upright light 

microscope (Olympus, Tokyo, Japan).  

 

Electron microscopies 

  The dehisced anthers containing pollens were collected from fresh opened flowers. The anthers 

were soaked in FAA fixative (63% EtOH, 5% AcOH, and 5% HCHO) at 4°C overnight. The fixed 

anthers were dehydrated in a graded ethanol series and in t-butyl alcohol, and then freeze-dried at 

−20°C. The dried anthers were mounted on stages and coated with platinum in an ion coater IB-3 

(Eiko Engineering, Tokyo, Japan). The anthers were observed by a SEM S-4700 (Hitachi, Tokyo, 

Japan) at an acceleration voltage of 5.0 kV.  

  The dehisced anthers were soaked in half Karnovsky's fixative for 30 h. The fixed anthers were 

rinsed with 0.1 M phosphate buffer, followed by post-fixation with 1% osmium tetroxide at 4°C 

overnight. The anthers were dehydrated in a graded ethanol series, and embedded in Plain resin 

(Nisshin EM, Tokyo, Japan) at 70°C for 5 days. Ultrathin sections were prepared by an EM UC6 

ultramicrotome (Leica, Heidelberg, Germany) using a diamond knife. The sections were stained 

with 1% uranyl acetate and then with lead citrate. The prepared sections were placed on copper 

grids and observed with a TEM H-7650 (Hitachi, Tokyo, Japan). Images were captured with an 
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AMT XR-41C CCD camera system (Advanced Microscopy Techniques, MA, USA). 

 

Cytohistological analyses 

  The floral buds and opened flowers were soaked in the FAA fixative at 4°C overnight. Tissue 

fixation and paraffin embedding were performed with a LabPulse H2850 microwave processor 

(Energy Beam Sciences, CT, USA), according to Osaka et al. (2013), with minor modifications. All 

samples were embedded in Paraplast X-TRA paraffin (Fisher Scientific, Hampton, NH, USA). The 

paraffin blocks were stored at 4°C until observation. The samples were cut into 10 Pm-thick 

sections using a microtome RV240 (Yamato Koki, Saitama, Japan). The sections were placed on 

glass slides (Matsunami Glass, Osaka, Japan) and baked at 50°C overnight. The paraffin was 

removed with Histo-Clear II (National Diagnostics, GA, USA). After rehydration by an ethanol 

series, the sections were stained with Periodic acid-Schiff (PAS) stain kit (Muto Pure Chemicals, 

Tokyo, Japan). The stained sections were placed in a Multimount480 mounting medium 

(Matsunami Glass). The prepared sections were stained with DAPI 

(4',6-diamidino-2-phenylindole) staining solution (Watanabe et al. 1991), and then mounted in 

70% glycerol medium. All section images were obtained with a SteREO Discovery V20 

stereomicroscope (Carl Zeiss, Jena, Germany). 

 

Colorimetry  

  Diffuse reflectance spectra of the intrinsic anthers and petals were measured from 350 nm to 700 

nm, using a V-670 spectrometer (Jasco, Tokyo, Japan) equipped with an ISN-723 integrating 

sphere unit (Jasco). The dehisced anthers with pollen and fresh petals were used for the 

measurements. The spectra were measured in an FPA-810 powder sample cell (Jasco). Spectralon 

(Labsphere, NH, USA) was used as a white standard for calibration. Data were processed using 

Spectra Manager version 2.10.01 (Jasco).  

  The color loci of the anthers with pollen in the color hexagon space (Chittka 1992) were 

calculated in R (R Core Team 2016) using a package 'pavo' version 1.3.2 (Maia et al. 2013) with 

the reflectance spectra from 350 nm to 650 nm, considering the spectral sensitivity of honeybees, 

Apis mellifera L. (Peitsch et al. 1992). The daylight irradiance spectrum of CIE D65 was applied as 

a model of daylight irradiance. The reflectance of petals was assumed as the background of the 

anthers. The hexagon was divided into six categories, UV, UV-Blue, Blue, Blue-Green, Green, and 

UV-Green, which refer to the stimulation of honeybee photoreceptors. Chromatic contrasts were 

evaluated by the Euclidian distances (hex units) (Chittka 1992). 
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UV/Vis absorption and fluorescence spectral analyses  

  The UV/Vis spectra of MeOH solutions of 7–15 were measured with a UV-1800 spectrometer 

(Shimadzu, Kyoto, Japan). Fluorescence spectra were measured with an FP-8300 

spectrofluorometer (Jasco, Tokyo, Japan). An FUV-803 absorbance measurement cell block 

(Jasco) was used for solutions of 7–15, and an FPA-810 powder sample cell block for the intrinsic 

dehisced anthers with pollens. The ratios of compounds 9–11 and of compounds 12–14 in the 

mixtures were determined with 1H NMR by calculating based on the integrated areas under signals 

of each isomers. The absorption spectra 7–15 were measured from 250 nm to 550 nm, and the 

excitation and emission spectra of the anthers with pollen from 300 nm to 600 nm. The samples of 

anthers with pollen were randomly divided into three sets. The spectra with each set were averaged. 

The fluorescence spectral data were processed with Spectra Manager version 2.10.01 (Jasco). The 

areas under spectral curves of emission, AUCEm, of anthers and pollen were integrated.  

 

HPLC, LC-MS, and NMR analyses  

  HPLC was performed on L-7100 series (Hitachi, Tokyo, Japan) consisting of an L-7100 pump 

(Hitachi) and an L-7400 detector (Hitachi) on the following conditions: column, a YMC-Pack 

ODS-AQ (6.0 mm inner diameter × 100 mm; YMC, Kyoto, Japan); eluent, H2O-MeOH-AcOH; 

flow rate, 1.0 mL/min; and detection, UV 254 nm.  

  LC-MS analyses were performed on an Acquity UPLC system H class and a Xevo G2-S QTof 

MS (Waters, MA, USA) with an Acquity UPLC BEH C18 column (polar size 1.7 Pm, 2.1 mm inner 

diameter × 100 mm; Waters). The analyses were conducted on the following conditions: eluent, 22% 

MeCN containing 0.1% HCO2H for 10 min and 50% MeCN containing 0.1% HCO2H for 10–15 

min; flow rate, 0.3 mL/min; detection, UV 254 nm. MS was operated in electron spray ionization 

(ESI) of positive mode under the following parameters: column oven, 35°C; capillary voltage, 3.0 

kV; cone voltage, 40 V; source temperature, 150°C; desolvation temperature, 500°C; cone gas, 50 

L/h; desolvation gas, 800 L/h. Data processing was performed using MassLynx version 4.1 (Waters). 

  1HNMR spectra were measured in methanol-d4 (Sigma-Aldrich, MO, USA) at 25°C with an 

AVANCE III 400 spectrometer (Bruker, Rheinstetten, Germany). Data processing was performed 

using TopSpin version 3.0 (Bruker). 

 

Isolation and quantification of 2 and 5–15 

  The non-fluorescent anthers with pollen (1.4 g fresh weight) were soaked in 30 mL of MeOH at 

4°C for 5 days. The extract was filtered and concentrated in vacuo to give an oily residue (136 mg). 
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The residue was partitioned with EtOAc and H2O three times. The material from the organic layer 

was applied to a silica gel column (10 mm inner diameter × 70 mm) with eluent of CHCl3-MeOH (5 

mL for each fraction). The materials eluted with 10% (fraction 1) and 20% MeOH (fraction 2) were 

subjected to further separations, and that eluted with 30% MeOH was concentrated to give 2. Further 

purifications were carried out in the dark.  

  Fraction 1 was analyzed by LC-MS (Fig. 28) and subjected to preparative HPLC (eluent: 0.1% 

AcOH in 50% MeOH) to give the following fractions: tR 7.1 min (fraction 3), 10.8 min (fraction 4), 

12.0–15.0 min (fraction 5), and 18.4 min (fraction 6). The materials in fractions 3 and 6 were 

concentrated to give 8 (0.3 mg) and 15 (trace), respectively. Fraction 4 was concentrated and then 

purified with preparative HPLC (eluent: 0.1% AcOH in 39% MeOH). The materials eluted at tR 

60.4, 62.0, and 63.0 min were separately collected and concentrated to give 9 (trace), 10 (trace), and 

11 (trace) as major compounds in each, respectively. Fraction 5 was concentrated and then subjected 

to preparative HPLC (eluent: 0.1% AcOH in 39% MeOH). The materials eluted at tR 105.4, 110.3, 

and 111.5 min were collected and concentrated to give 12 (trace), 13 (trace), and 14 (trace), as major 

compounds in each, respectively. The ratios of 9–11, of 12 and 13, and of 12 and 14 in the mixtures 

were determined with 1H NMR by calculation based on the integrated areas of signals of each 

isomer.  

  Fraction 2 was subjected to preparative HPLC (eluent: 0.1% AcOH in 40% MeOH) to give two 

fractions at tR 0–11.4 min (fraction 7) and 14.2 min (fraction 8). Fraction 7 was subjected to 

preparative HPLC (eluent: 0.1% AcOH in 20% MeOH), and the materials eluted at tR 17.3 min and 

20.1 min were collected and concentrated to give 5 (0.2 mg) and 6 (trace), respectively. Fraction 8 

was concentrated to give 7 (1 mg).  

  Quantification was performed with HPLC. The amounts of 2 and 5–12 in the extracts were 

calculated with a calibration curve between the weight and peak area, using isolated 2 and 5–12 as 

standards. 

 

Quercetin 3-O-E-D-glucoside (7): yellow powder; ESIMS m/z 463.1 [M−H]−; 1H NMR data (400 

MHz, methanol-d4) G 7.73 (1H, d, J = 2.2 Hz, H-2'), 7.61 (1H, dd, J = 8.5 and 2.2 Hz, H-6'), 6.89 

(1H, d, J = 8.5 Hz, H-5'), 6.40 (1H, d, J = 2.1 Hz, H-8), 6.22 (1H, d, J = 2.1 Hz, H-6), 5.26 (1H, d, J 

= 7.6 Hz, Glc H-1), 3.74 (1H, dd, J = 11.9 and 2.4 Hz, Glc H-6), 3.60 (1H, dd, J = 11.9 and 5.3 Hz, 

Glc H-6), 3.20–3.55 (4H, Glc H-2, 3, 4, and 5). 
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N1,N5,N10-tri-p-coumaroylspermidine isomers (8–15): white powder; HRESIMS m/z 584.2758 

[M+H]+ (calcd. for C34H38N3O6, 583.2761); see Table 3 for 1H NMR data (400 MHz, methanol-d4). 

 

MALDI-MS/MS imaging analyses  

  For sample treatment, the anthers with non-fluorescent pollen and those with fluorescent pollen 

were collected individually and embedded in 4% carboxymethyl cellulose (CMC; Leica, Wetzlar, 

Germany). The embedment was performed on base-mold (7 mm × 7 mm × 5 mm) (FALMA, 

Tokyo, Japan). The anthers were slowly mixed to disperse in the CMC. After dispersion, the molds 

were stored in a deep freezer at −80°C until complete freezing. Before making tissue sections, the 

blocks of CMC with anthers were put in a cryomicrotome CM1950 (Leica) at −20°C for 10 

minutes. The blocks were put on the tissue-holder, fixed with optimum cutting temperature 

polymer (Leica), and sliced at 10 Pm-thickness. The tissue sections were collected onto cryofilm 

(Leica). The obtained section on the film was mounted onto Indium-tin-oxide (ITO)-coated glass 

slides (100 Ω/m2 without anti-peeling coating; Matsunami Glass, Osaka, Japan) via double-sided 

adhesive conductive tape (3M, MN, US). The glass slides were dried at room temperature in 50 

mL conical tubes with silica gel.  

  9-Aminoacridine was applied to the tissue sections by the recrystallization method, a method 

combining sublimation and exposing 5% methanol vapor. For sublimation, 9-aminoacridine was 

heated at 220°C and deposited on the surface of the tissue sections in iMLayer (Shimadzu, Kyoto, 

Japan) until the thickness of the matrix reached 0.5 Pm. After covering the sections with a 

9-aminoacridine layer, 5% methanol with H2O vapor was provided for three seconds, and then they 

were dried at room temperature.  

  Imaging mass spectrometry was performed with iMScope TRIO (Shimadzu, Kyoto, Japan). 

Both optical images and ion distribution could be obtained within the same instrument under 

atmospheric pressure. Nd:YAG laser (λ = 355 nm, 1 kHz) was used as the MALDI laser source, 

and laser irradiation was repeated 80 times on each data point with a laser power of 45.0 (arbitrary 

unit in iMScope TRIO). Negative and positive ion modes were used to detect 2 and 5–12, 

respectively. To enhance the specificity, MS/MS imaging was performed using the transition of 

m/z 353.08 > 191.04 for 2 and of m/z 584.28 > 420.22 for 5–12. The voltages of the sample stage 

and detector were 3.0 kV and 2.1 kV, respectively. Imaging data was reconstructed using BioMap 

3.8 (Mass Spectrometry Imaging Society, https://ms-imaging.org/wp/). 
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Chapter V 
Unusual conformational preference of N1,N5,N10-tri-p-coumaroylspermidine 
 

 

 

1. Introduction  

 

  In the isolation process of N1,N5,N10-tri-p-coumaroylspermidine E-Z isomers (8–15; Fig. 30), they 

were found to show a characteristic photoisomerization, which the (ZZZ)-isomer (8) predominated 

over the (EEE)-isomer (15). This unusual preference for (Z)- over (E)-geometry double bonds has 

also been observed in N,N'-di- and N-mono-p-coumaroylspermidines (Hu et al. 1998; Sobolev et al. 

2008; Werner et al. 1995), but its causes were previously unknown. Under UV irradiation, the 

photoequilibrium ratio of the (E):(Z) isomers of N5-p-coumaroylspermidine is 4:96, and 33:67 for 

N1- and N10-p-coumaroylspermidines (Hu et al. 1998), reflecting the relative stability of the 

(Z)-geometry of these molecules, compared to the (E). However, p-coumaric acid reaches a 

photoequilibrium in the ratio of (E):(Z) = approximately 90:10 (Hartley and Jones 1975). The 

unusual stability of N-p-(Z)-coumaroylspermidine compared to N-p-(E)-coumaroylspermidine seems 

to arise from intramolecular interactions between the coumaroyl and spermidine moieties, which are 

only possible in the (Z)-isomer.  

  For N,N'-di-p-coumaroylspermidines, the photoequilibrium ratio of (EE):(EZ/ZE):(ZZ) isomers is 

approximately 15:49:36 for N1,N10-di-p-coumaroylspermidine, and approximately 3:37:60 for N1,N5- 

and N5,N10-di-p-coumaroylspermidines, according to the HPLC chromatograms in Hu et al. (1998). 

One hypothesis for the higher photoequilibrium ratios of the N1,N5- and 

N5,N10-di-p-(ZZ)-coumaroylspermidines compared to N1,N10-di-p-(ZZ)-coumaroylspermidine is that 

the N5-p-(Z)-coumaroyl moiety interacts with the adjacent p-coumaroyl moiety, stabilizing their 

(ZZ)-forms. However, in N1,N10-di-p-(ZZ)-coumaroylspermidine, the intramolecular distance 

between the N1- and N10-p-(Z)-coumaroyl moieties is much longer than that between N1 and N5, 

which may preclude their mutual interaction. The relative stability of 

N1-acetyl-N5,N10-di-p-(ZZ)-coumaroylspermidine over its (EE)-isomer also suggests a role for the 

N5-p-(Z)-coumaroyl moiety in stabilizing the (ZZ)-form (Sobolev et al. 2008). These studies imply 

that the intramolecular interactions between the p-(Z)-coumaroyl and spermidine moieties; and 

between the p-(Z)-coumaroyl and p-(Z)-coumaroyl moieties, are responsible for the relative stability 

of 8. The N5-p-(Z)-coumaroyl moiety may be important to enhance the stability of 8, 10, 11, and 12. 
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The photoisomerization characteristics of 8–15 and the intramolecular interactions that give rise to 

the unusual preference for 8 were examined. 

 

 

 

2. Results and discussion 

 

Photoequilibrium ratio of 8–15 

  Exposure of a pure sample of 15 to UV light (254 nm) caused it to rapidly isomerize to 8–14. No 

degradation or photodimerization was observed. After 10 min, 40% of 15 had isomerized. 

Equilibrium had been reached after 120 min, and the final ratio of compounds was 8:9–11:12:13 and 

14:15 = 33:45:12:8:2 (Fig. 33; by HPLC analysis of the sample solution). This result indicates that 

the thermodynamic stability of N1,N5,N10-tri-p-coumaroylspermidine increases as the number of 

(Z)-coumaroyl moieties in the molecule increases. The photoequilibrium ratio of 12 was higher than 

that of the mixture of 13 and 14 (12 vs 8), suggesting the importance of N5-p-(Z)-coumaroyl moiety 

for the stability. The relative instability of the N5-p-(E)-coumaroyl moiety is probably responsible for 

the very limited quantities of 9 that were observed. 

 

Conformational analyses of compounds 8–15 

  The conformation of 8 was investigated by 1H NMR spectroscopy and NOESY, in order to 

elucidate the intramolecular interactions responsible for the preference for the (ZZZ)-form of 8 over 

the (EEE)-form (15). Major NOESY correlations are shown in Fig. 34. The methylene proton  
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Fig. 2 NOESY spectrum of 8 of whole region (upper) and an expanded region (lower). 
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signals of 8 were observed at higher field than those of 15; for example, the H-3 and H-4 signals 

were shifted approximately 0.1 ppm and 0.3 ppm upfield, respectively. The methylene signals at  

3.3 (m, H-4 and 6, overlapped) showed NOEs with aromatic signals at 7.4 (m, H-2', 6', 2''', and 6''', 

overlapped) and at 6.7 (m, H-3', 5', 3''', and 5''', overlapped). These upfield shifts and the NOEs 

suggest that the N1- and N10-p-(Z)-coumaroyl moieties are folded back toward the center of 

spermidine moiety, and that the methylene bridges lie in the shielding region of aromatic rings 

(Johnson and Bovey, 1958). The N5-p-coumaroyl aromatic signal at  7.2 (m, H-2'' and 6'') showed 

NOE interactions with the signals at 3.3 (m, H-4 and 6, overlapped) and at 1.9 (quintet, H-3), 

suggesting that the N5-p-(Z)-coumaroyl moiety is folded toward the N1-side. The signals of 

N5-p-(Z)-coumaroyl H-2'' and H-6'' (overlapped) of 8 also appeared at higher field comparing with 

15 (7.2 ppm vs 7.4 ppm), implying that H-2'' or H-6'' is located in the shielding region of the 

N1-p-(Z)-coumaroyl aromatic ring. The similarity in chemical shifts of H-3'' and H-5'' for compounds 

1 and 8 suggest a T-shaped / interaction between the N1- and N5-p-(Z)-coumaroyl aromatics, not 

one based upon parallel and parallel displaced / arrangements (Martinez and Iverson, 2012). The 

calculated / interaction energy for the T-shaped benzene dimer is approximately −12.43 kJ/mol at 

the MP2/cc-pVTZ level, when the distance between the two aromatic centroids is 5.0 Å (Tsuzuki et 

al., 2002). Aromatic signals at  6.7 (m, H-3', 5', 3'', 5'', 3''', and 5''', overlapped) showed an NOE 

with signals at 6.58/6.53 (d, H-7''). The N5-p-coumaroyl H-7'' is spatially separate from H-3'', H-5'', 

H-3''', and H-5'''. This suggests that the NOE is derived from H-7'' and H-3' or H-5', which supports 

the T-shaped geometry. These NMR spectral data indicate that three p-(Z)-coumaroyl aromatics and 

spermidine moiety are close in space, likely causing intramolecular CH/ and T-shaped / 

interactions to stabilize (Suzuki et al. 1959; Oki and Mutai 1965; Nishio and Hirota 1989; Tsuzuki et 

al. 2002; Tsuzuki and Fujii 2008; Nishio 2011). Furthermore, as the N10-p-coumaroyl moiety is 

folded back to the center of spermidine moiety, the N10-p-coumaroyl hydroxy group may approach 

the N5-p-coumaroyl carbonyl group to form an OH...O=C hydrogen bond. 

  Ab initio molecular orbital calculations were performed to examine the possibility of the 

intramolecular hydrogen bond in 8, using simplified model compounds 16–18 of the N1-, N5-, and 

N10-p-coumaroylamide moieties, respectively (Fig. 35). The enone s-trans/cis configurations of the 

E/Z forms were optimized for each model compound at MP2/cc-pVTZ level to include dispersion 

interaction (Dunning 1989; Møller and Plesset 1934; Tsuzuki et al. 2000a, b). The optimized 

conformations are illustrated in Fig. 35, and their energies are summarized in Table 4. The geometry 

optimizations of s-trans/cis (E)-16–18 yielded almost planar conformations. S-trans (Z)-16–18 and 
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s-cis (Z)-18 were optimized to highly nonplanar conformations; for example, the optimized 

geometry of s-trans (Z)-16 has dihedral angles of 46.6° between phenyl and vinylene groups, and of 

46.5° between vinylene and amide groups (Fig. 35). The geometry optimizations of s-cis (Z)-16 and 

(Z)-17 resulted in conversion into their s-trans conformation (data not shown), implying the 

instability of the s-cis (Z)-forms. The intramolecular molecular interactions in compounds (Z)-16–18 

are discussed below.  

  S-cis (E)-16–18 were calculated to have lower energies than their s-trans forms (Table 4), 

suggesting that the (E)-isomers predominantly exist in their s-cis form, presumably to minimize 

steric hindrances. (Z)-18 is 21.26 kJ/mol lower in energy in its s-trans form than in the s-cis form 

(Table 4). In contrast to the (E)-isomers, (Z)-16–18 may predominantly exist in the s-trans form. 

Fig. 3 Structures and optimized conformations of model compounds 16–18 at the MP2/cc-pTVZ level. 
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These configurational preferences of model p-coumaroylamides deduced from the theoretical 

calculations are consistent with previous results of NOE experiments for simple cinnamamides 

(Lewis et al. 1991). The unusual preferences of (E)-cinnamamides for their s-cis forms and of the 

(Z)-isomers for their s-trans forms are attributed to intramolecular charge transfer from aromatic to 

amide functionality (Lewis et al. 1991). Additionally, stabilization through CH/ interactions may 

also contribute to this preference, as discussed below. The optimized conformations of 16–18 

suggest that 8–11 are highly nonplanar, but relatively planar for 12–15. The nonplanar 

conformational distortion of s-trans (Z)-form would reduce the  orbital conjugation, which causes a 

hypsochromic shift (Beale and Roe 1953). The distortion may be responsible for shorter UV 

absorption maxima of 8–14 than that of 15 (Fig. 31). This may account also for similar UV spectral 

differences among the isomers of N1-acetyl-N5,N10-di- and N1,N5-di-p-coumaroylspermidine and 

N1,N5,N10,N14-tetra-p-coumaroylspermine (Lewis et al. 1991; Park et al. 2017; Sobolev et al. 2008; 

Werner et al. 1995). 

  The energy differences between the s-trans (Z)- and s-cis (E)-forms, ΔEs-trans (Z) − s-cis (E), are −19.05 

kJ/mol for 16, −29.85 kJ/mol for 17, and −24.31 kJ/mol for 18, reflecting the higher stability of 

s-trans (Z)-16–18 than their s-cis (E)-form. In the optimized conformations of s-trans (Z)-16 and 

(Z)-18, the methylene C-4 and C-7 atoms locate above the p-coumaroyl aromatic C-3' and C-4''' 

atoms, respectively (Fig. 35). The intramolecular distances are 3.58 Å between C-4 and C-3' atoms, 

and 3.38 Å between C-7 and C-4''' atoms. These spatial arrangements and intramolecular distances 

suggest that the methylene C-H bonds interact with the  system to stabilize s-trans (Z)-16 and 

(Z)-18 (Bloom et al. 2012; Tsuzuki et al. 2000a). The CH/ interaction energies of the 

methane-benzene complex at the MP2/cc-pVTZ level are approximately −4.2 kJ/mol and −3.6 

kJ/mol when the methane carbon atom is above the aromatic carbon atom at the distances of 3.6 Å  

 

 

 

 

 

 

 

 

 

 

Compound
MP2/cc-pVTZ

E
Energy (kJ/mol)

s-trans (E)-16 -2304675.22 +32.92

s-cis (E)-16 -2304689.09 +19.05

s-trans (Z)-16 -2304708.14 0

s-cis (Z)-16 * *

s-trans (E)-17 -2304659.32 +46.62

s-cis (E)-17 -2304676.09 +29.85

s-trans (Z)-17 -2304705.94 0

s-cis (Z)-17

s-trans (E)-18 -2407654.79 +36.72

s-cis (E)-18 -2407667.20 +24.31

s-trans (Z)-18 -2407691.51 0

s-cis (Z)-18 -2407670.25 +21.26

**

Table 1 Energies of s-trans/cis E-Z isomers of 16–18 at the MP2/cc-pVTZ level. 

*Asterisks indicate that the optimizations resulted in conversion into their s-trans conformations. 

/l 
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and 3.4 Å, respectively, with little dependence on the orientation of C-H bond (Tsuzuki et al. 2000a, 

2006). Although, in the optimized conformation of s-trans (Z)-17, the methylene C-6 atom locates 

above the aromatic C-1'' atom at the distance of 3.10 Å, too short for a favorable CH/ interaction 

(Fig. 35; Tsuzuki et al. 2000a). Besides the CH/ interactions, the hydroxy group approaches the 

carbonyl group in the optimized conformation of s-trans (Z)-16–18. The intramolecular distance 

between the hydroxy hydrogen and carbonyl oxygen atoms is 1.83 Å, and the O-H-O bond angle 

154.7° for s-trans (Z)-16 (Fig. 35). For s-trans (Z)-17, those same measurements are 1.86 Å and 

160.4°, and 1.80 Å and 161.6° for s-trans (Z)-18 (Fig. 35). These distances and angles coincide 

almost exactly with the 1.79 Å and 160.1° of the optimized geometry of a formamide-phenol 

complex, wherein the hydrogen bond (OH...O=C) energy of the optimized complex was calculated 

to be approximately −36.82 kJ/mol at the MP2/cc-pVTZ level (Kaur and Kaur 2015). These 

theoretical characteristics of 16–18 establish the stabilizing capability of OH...O=C hydrogen bonds 

among N-p-(Z)-coumaroyl moieties (Arunan et al. 2011; Kaur and Kaur 2015; Liu et al. 2008). 

  The conformation of 8 in methanol was estimated based on these 1H NMR and NOESY spectral 

analyses and ab initio calculations (Fig. 36). The close proximities of N-p-(Z)-coumaroyl moieties to 

methylene bridges indicated by the spectral analyses are consistent with the results of calculations 

(Fig. 35). The spectral analyses suggest that N1-p-(Z)-coumaroyl and N5-p-(Z)-coumaroyl aromatics 

exist in T-shaped / geometry, and the calculations with model compound 18 suggest an OH...O=C 

hydrogen bond between N10-p-(Z)-coumaroyl hydroxy and N5-p-(Z)-coumaroyl carbonyl groups. 

The N1-p-(Z)-coumaroyl moiety may not form the OH...O=C hydrogen bonds with 

N5-p-(Z)-coumaroyl moiety, since their hydroxy and carbonyl groups locate far from each other in 

T-shaped / geometry. The CH/, T-shaped /, and OH...O=C hydrogen bonding interactions 

may provide the energies to overcome the photoisomerization barriers from (E)- to (Z)-isomer of 

N1,N5,N10-tri-p-coumaroylspermidine. The methanol solvent may also affect the unusual 

Fig. 4 Putative conformation of 8 in MeOH. Dotted lines: blue, T-shaped / interaction; green, CH/ interaction; 

orange, OH...O=C hydrogen bonding interaction. 
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configurational preference (Nagy 2014).  

  These intramolecular interactions are probably responsible also for the stabilities of 

N1,N5-di-p-(ZZ)-, N5,N10-di-p-(ZZ)-, and N1-acetyl-N5,N10-di-p-(ZZ)-coumaroylspermidines (Hu et al. 

1998; Sobolev et al. 2008; Werner et al. 1995). The calculations with the model compounds 16 and 

17 suggest that N1-acetyl-N5,N10-di-p-(ZZ)-coumaroylspermidine forms two OH...O=C hydrogen 

bonds between the N1-acetyl carbonyl and N5-p-(Z)-coumaroyl hydroxy groups, and between 

N10-p-(Z)-coumaroyl hydroxy and N5-p-(Z)-coumaroyl carbonyl groups. Although 

N-mono-p-(Z)-coumaroylspermidines are also unexpectedly stable (Hu et al. 1998), this cannot be 

due to T-shaped / and OH...O=C hydrogen bonding interactions because of the absence of 

adjacent N-p-coumaroyl moieties. 

 

Conformational analyses of N-mono-p-coumaroylspermidine 

  The intramolecular interactions between N-p-coumaroyl and spermidine moieties in N1-, N5-, and 

N10-p-coumaroylspermidines were also investigated by ab initio molecular orbital calculations with 

simplified model compounds 19–21, respectively (Fig. 37). The geometry optimizations of 

s-trans/cis (E)-19–21 at the MP2/cc-pVTZ level provided the planar conformations, whereas the 

optimizations resulted in nonplanar conformations for their s-trans (Z)-forms, as well as compounds 

16–18 (Fig. 37). The s-cis (Z)-forms of 19 and 20 were optimized to their s-trans conformations 

(data not shown), indicating the instabilities of their s-cis configurations. The lower energies of s-cis 

(E)-19–21 compared to their s-trans forms indicate that (E)-19–21 predominantly exist in the s-cis 

form (Table 5). S-trans (Z)-21 had 27.64 kJ/mol lower energy than its s-cis form. (Z)-19–21 may be 

more stable in the s-trans forms than in the s-cis form (Table 5). The ΔEs-trans (Z) − s-cis (E) are −3.16 

kJ/mol for 19, −6.77 kJ/mol for 20, and −13.25 kJ/mol for 21 (Table 5), suggesting that 19–21 prefer 

the s-trans (Z)-form over the s-cis (E)-form. The predominance of nonplanar s-trans (Z)-19–21 may 

be responsible for the UV spectral difference in E-Z isomers of N5- and N10-p-coumaroylspermidines 

(Hu et al. 1998). 

  In the optimized conformations of s-trans (Z)-19–21, the methylene bridges and amino group are 

located above the aromatic ring, in close proximity to one another. For s-trans (Z)-19, the 

intramolecular distance between the N5-amino nitrogen and aromatic C-4' atoms is 3.46 Å. The 

NH/ interaction energy of the ammonia-benzene complex at the MP2/cc-pVTZ level is 

approximately −7.5 kJ/mol, when the ammonia nitrogen atom locates above the aromatic carbon 

atom at the distance of 3.5 Å (Tsuzuki et al. 2000a). In the optimized conformations of s-trans 

(Z)-20 and of (Z)-21, the distance between methylene C-2 and aromatic C-3'' atoms is 3.43 Å, and 
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that between C-7 and C-3''' atoms is 3.53 Å. The CH/ interaction energies of methane-benzene 

complex at the MP2/cc-pVTZ level are approximately −3.7 kJ/mol and −4.2 kJ/mol, when the 

methane carbon atom is above the aromatic carbon atom at the distance of 3.4 Å and of 3.5 Å, 

respectively (Tsuzuki et al. 2000b). The amino group of s-trans (Z)-20 and (Z)-21 do not lie above 

the aromatic ring, in contrast to those of s-trans (Z)-19. These geometries and distances imply that 

the NH/ and CH/ interactions contribute to the unusual stability of s-trans 

N-p-(Z)-coumaroylspermidine (Fig. 37; Table 5; Bloom et al. 2012; Hu et al. 1998; Tsuzuki et al. 

2000a, b). The results for 19 suggest that N1-p-(Z)-coumaroylspermidine was stabilized by the NH/ 

interaction between N1-p-(Z)-coumaroyl aromatic and N5-amino group. According to the results for 

20 and 21, the stability of N5- and N10-p-(Z)-coumaroylspermidines may be derived from the CH/ 

interaction between their aromatics and the C-H bonds at C-2 and C-7, respectively.  
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Fig. 5 Structure and optimized conformations of model compounds 19–21 at the MP2/cc-pVTZ level. 
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  N5-p-(Z)-Coumaroylspermidine has higher thermodynamic stability compared to N1- and 

N10-p-(Z)-coumaroylspermidine (Hu et al. 1998). However, the intramolecular interaction energy of 

s-trans (Z)-20 is implied to be not lowest among those of s-trans (Z)-19–21 (Tsuzuki et al. 2000a, b). 

The notable stability of N5-p-coumaroylspermidine may be not caused only by the single CH/ 

interaction (Hu et al. 1998). For N5-p-(Z)-coumaroylspermidine, the N5-p-(Z)-coumaroyl moiety may 

be able to form the CH/ interaction regardless of whether 4-aminopropyl or 4-aminobutyl groups 

approach. As the entropy of an n-alkyl chain increases with increasing number of carbons (Parks et 

al. 1930), the spermidine moiety is expected to have a higher entropy than the 4-aminopropyl or 

4-aminobutyl groups. Loss of conformational entropy (ΔS) upon the CH/ formation may be lower 

in N5-p-(Z)-coumaroylspermidine than in N1- and N10-p-coumaroylspermidines (Carroll et al. 2011). 

Formation of the CH/ interaction is probably entropically advantageous for 

N5-p-coumaroylspermidine over N1- and N10-p-(Z)-coumaroylspermidines, and this advantage impart 

the prominent stability to N5-p-(Z)-coumaroylspermidine; the enthalpic contribution (−TΔH) derived 

from the intramolecular CH/ interaction is not thought to be significant. 

 

 

 

3. Materials and methods 

 

Plant materials 

  Flowers of Prunus mume Siebold & Zucc. cv. Nanko (Rosaceae) were collected at The Garden of 

Medicinal Plants (34°56'15.0"N 135°49'03.3"E), Kyoto Pharmaceutical University (Kyoto, Japan) in 

the spring, March 2016.  

Compound
MP2/cc-pVTZ

E
Energy (kJ/mol)

s-trans (E)-19 -2007561.05 +12.23

s-cis (E)-19 -2007570.13 +3.16

s-trans (Z)-19 -2007573.29 0

s-cis (Z)-19 * *

s-trans (E)-20 -2007560.14 +13.95

s-cis (E)-20 -2007567.32 +6.77

s-trans (Z)-20 -2007574.09 0

s-cis (Z)-20 * *

s-trans (E)-21 -2110538.96 +21.98

s-cis (E)-21 -2110547.69 +13.25

s-trans (Z)-21 -2110560.94 0

s-cis (Z)-21 -2110533.30 +27.64

Table 2 Energies of s-trans/cis E-Z isomers of 19–21 at the MP2/cc-pVTZ level. 

*Asterisks indicate that the optimizations resulted in conversion into their s-trans conformations. 

t:, 
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Reagents 

  Reagents of analytical grade were purchased from Wako Pure Chemical Industries (Osaka, Japan) 

and used without further purification.  

 

NMR spectroscopy 

  1H NMR and NOESY spectra were measured in methanol-d4 (Sigma-Aldrich, MO, USA) at 24°C 

with an AVANCE III 400 spectrometer (Bruker, Rheinstetten, Germany). Sample preparations were 

carried out in the dark. Data processing was performed using TopSpin version 3.0 (Bruker).  

 

Photoisomerization 

  A methanol solution of 15 (2 mM) was put into a quartz cuvette (10 mm width × 40 mm height × 

45 mm depth; Jasco, Tokyo, Japan), and the cuvette was covered with a Labo-USQ quartz glass 

plate (1 mm thickness; Daiko MFG, Kyoto, Japan). The cuvette was placed inside a dark box 

(ASONE, Osaka, Japan) equipped with a Handy UV Lamp SLUV-8 (254 nm, 8 W; ASONE). The 

distance between the UV lamp and the solution surface was 125 mm. The solution was irradiated by 

the UV light at 25°C. The UV intensity reaching the solution surface was 32 W/cm2. The solution 

was analyzed with the HPLC (eluent: 0.1% AcOH in 50% MeOH) every 10 min until the isomers 

reached a photoisomerization equilibrium. The ratio of 8–15 was calculated by each peak area on an 

assumption of the same molar extinction coefficient of 8–15. The ratios of 9–11, and of 13 and 14 

were calculated with respective mixtures. 

 

Molecular modeling 

  Ab initio molecular orbital calculations were carried out with simplified model compounds 16–21. 

The structure construction of the model compounds was conducted with a SYBYL-X version 2.1.1 

(Certara, NJ, USA). The s-cis structures of (E)-16–21 were constructed by modifying the X-ray 

crystallographic data of s-cis N,N-dimethyl-p-(E)-bromocinnamamide (BCINAM; Meester and 

Schenk 1971) obtained from the Cambridge Crystallographic Data Centre (CCDC, 

https://www.ccdc.cam.ac.uk). The s-cis structures of (Z)-16–21 were constructed by inverting the 

olefinic bond of s-cis (E)-16–21. The s-trans (E)- and (Z)-16–21 were constructed by inverting the 

enone single bond between two double bonds of the respective s-cis structures. All structures were 

subjected to a systematic search of possible conformations by rotating all rotatable bonds in steps of 

15°, and their minimum energy conformations were selected as starting structures from results of the 

search. Further calculations were performed with Spartan '16 version 2.0.7 (Wavefunction, CA, 
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USA; Shao et al. 2006). All starting structures were subjected to geometry optimizations using a 

Møller-Plesset second order perturbation theory (MP2; Møller and Plesset 1934) with a cc-pVTZ 

basis set (Dunning 1989). Dihedral angles and intramolecular distances were measured with the 

Spartan '16 using the optimized conformations. The construction of putative conformation of 8 was 

performed with the Spartan '16. The optimized conformations and putative conformation of 8 were 

illustrated with Avogadro 2 version 1.90.0 (Hanwell et al. 2012). 
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Summary 
 

 

 

  Anthers and pollen fluoresce under UV irradiation, which has been proposed as a visual cue for 

pollinating insects. Fluorescent compounds occurring in anthers and pollen may attract pollinating 

insects, while protecting DNA from UV-induced damage. Biocommunication between plants and 

insects through fluorescence has been discussed for decades, but the perceptive capability of 

insects for the fluorescence and the fluorescent compounds in anthers and pollen has not been 

investigated. This thesis describes the identification of fluorescent compounds and the behavioral 

response of honeybees to fluorescence. The major findings described below will open up new 

aspect of biocommunication between plants and insects.  

 

Chapter II. Intact anthers with the pollen of six plant species displayed human-blue fluorescence 

under UV excitation. The pollen fluorescence was emitted from pollenkitt. The fluorescent 

compounds were identified as six hydroxycinnamoyl acid derivatives: 3,5-dicaffeoylquinic acid, 

chlorogenic acid, (E)-acteoside and its (Z)-isomer, and 1-O-(E)-feruloyl--D-glucose and its 

(Z)-isomer. These compounds may protect DNA not only by the transduction of absorbed UV 

energy to emission but also by antioxidant activity.  

 

Chapter III. A behavioral assay on the western honeybee (A. mellifera) revealed that they 

perceived and preferred the fluorescence from chlorogenic acid under the sun. This result suggests 

that the fluorescence from anthers and pollen functions in attracting pollinators.  

 

Chapter IV. The author found that Pr. mume bears two types of flowers in individuals: flowers with 

pollen grains that fluoresce under UV irradiation and those that do not. The fluorescent pollen 

abnormally developed to be sterile, likely by low temperature stress. The abnormal development and 

preference of honeybees for the fluorescence from sterile pollen may cause the low yield of Pr. 

mume fruit. The anthers with non-fluorescent pollen contained eight isomers of 

N1,N5,N10-tri-p-coumaroylspermidine as major constituents; whereas the anthers with fluorescent 

pollen contained only a limited amount of the isomers, but relatively large amounts of the 

fluorescent chlorogenic acid. These differences may be responsible for the fluorescence of the sterile 

pollen. The photoisomerization of N1,N5,N10-tri-p-coumaroylspermidine may have occurred in vivo 
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since the anthers and pollen are exposed to the sunlight. 

 

Chapter V. N1,N5,N10-Tri-p-coumaroylspermidine isomers showed an unusual photoequilibrium 

ratio, wherein the (ZZZ)-isomer predominated over the (EEE)-isomer. NMR spectroscopy, NOESY, 

and ab initio molecular orbital calculations indicated that multiple intramolecular CH/, T-shaped 

/, and OH...O=C hydrogen bonding interactions can provide the unusual thermodynamic 

stability of the (ZZZ)-isomer. 
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