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SUMMARY

Secretory tissues occur in most vascular plants. Some of these tissues, such as hydathodes, salt glands and
nectaries, secrete unmodified or only slightly modified substances supplied directly or indirectly by the vascular
tissues. Other tissues secreting, for instance, polysaccharides, proteins and lipophilic material, produce these
substances in their cells. The cells of secretory tissues usually contain numerous mitochondria. The frequency of
other cell organelles varies according to the material secreted. In most glandular trichomes the side wall of the
lowest stalk cell is completely cutinized. This prevents the secreted material from flowing back into the plant.

The salt glands in Atriplex eliminate salt into the central vacuole of the bladder cell but, in other plants, the
glands secrete salt to the outside. Different views exist as to the manner in which salt is eliminated from the
cytoplasm. According to some authors, the mode of elimination is an eccrine one, while others suggest the
involvement of membrane-bound vesicles.

Nectar is of phloem origin. The pre-nectar moves to the secretory cells through numerous plasmodesmata
present in the nectariferous tissue. Nectar is eliminated from the secretory cells by vesicles of either ER or
dictyosomal origin. In some cases, both organelles may be involved but an eccrine mode of nectar secretion has
also been suggested by some authors.

Carbohydrate mucilages and gums are synthesized by dictyosomes but virtually every cell compartment has
been suggested as having a role on the secretion of lipophilic substances. Most commonly, plastids are implicated
in the synthesis of lipophilic materials but ER may also play a part. In some cases lipophilic materials may be
transported towards the plasmalemma in the ER.

Resin and gum ducts of some plants develop normally or in response to external stimuli, such as microorganisms
or growth substances. Among the latter, ethylene is the most effective.

During the course of evolution, secretory tissues seem to have developed from secretory idioblasts scattered
among the cells of the ordinary tissues. Subsequently ducts and cavities developed and finally secretory trichomes.

Key words: Secretory tissues, anatomy, ultrastructure, glands, salts, nectar, resin, gum, mucilage.
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I. INTRODUCTION

Many of the important natural chemicals, which have been used by man through the ages, are produced by
the secretory tissues of vascular plants. These chemicals have various functions in the plants themselves.
Some of the secreted substances serve to attract pollinators and vectors in seed dispersal; others deter
phytophagous animals. Hydathodes, which secrete water in liquid form, and salt glands are important in
plants growing in particular environments. The secreted materials, after being eliminated from the secretory
structures, do not usually re-enter the metabolic processes of the plant.

Secretory tissues occur in most vascular plants. They differ in structure, topographic position and in the
materials secreted. Some of the secretory tissues (hydathodes, salt glands and nectaries) eliminate
unmodified or only slighly modified substances supplied directly or indirectly by the vascular tissues. Others
synthesize the secreted substance (e.g. mucilage-, oil- or resin-producing tissues). The secreted material is
usually eliminated from the secretory cells to the outside of the plant or into specialized intercellular spaces.
In certain cases, as for instance in the laticifers, the secreted material (latex) remains inside the secretory
cells.

The secretory tissues may consist of single cells or small to very large groups of cells. Hydathodes, salt-
secreting glands, nectaries, stinging hairs and the secretory glands of carnivorous plants lie on the plant
surface. Tissues secreting lipophilic substances, gums and mucilages may be present either on the plant
surface, mostly in the form of trichomes, or inside the plant body. In the latter case they may be represented
by single specialized cells, or by rows of cells (e.g. laticifers), or by structures consisting of an epithelium
surrounding an intercellular space. The latter structure, if it is more or less isodiametric in shape, is termed
a secretory cavity, and when elongated it is called a secretory duct.

Secretory tissues are usually classified according to the substances they produce. The various kinds are:
hydathodes; salt glands; nectaries; mucilage-secreting cells, trichomes, ducts and cavities; gum ducts;
enzyme-secreting glands of carnivorous plants; myrosin cells; stinging trichomes; oil cells; oil-secreting
trichomes; osmophores; oil cavities; resin ducts; flavonoid-secreting tissues and laticifers (Fahn, 1979 a).
The same tissue often secretes a number of different substances. The study of the large spectrum of secretory
substances and their production by a range of structures, differing greatly in their morphology and anatomy,
requires a variety of approaches.

The period of intense research interest in secretory tissues towards the end of the nineteenth and the early
part of the twentieth century was marked by numerous publications on subjects ranging from their anatomy
and morphology to their usefulness in systematics, the nature of the secretory products and their economic
value to physiology in relation to ecology (Bonnier, 1879; Haberlandt, 1886, 1894; Tschirch, 1889, 1906
Miiller, 1866—7; Zimmermann, 1932; Frey-Wyssling, 1935; Sperlich, 1939; Kisser, 1958). More recently,
secretory tissues have also figured in considerations of the co-evolution of plants and animals (Levin, 1973 ;
Baker & Baker, 1975; Bentley, 1976; Cruden, Hermann & Peterson, 1983). However, the majority of studies
over the last 30 years have been biochemical or ultrastructural (see reviews by Metcalfe, 1967 ; Thurston
& Lersten, 1969; Thomson, 1975; Hill & Hill, 1976; Liittge & Schnepf, 1976 and books by Schnepf, 1969 a;
Vassilyev, 1977; Fahn, 1979a).

In this review, selected examples will be used to illustrate phenomena common to a wide range of secretory
tissues. Particular emphasis will be placed on the following three aspects: (1) correlations between ultra-
structure and the process of secretion; (2) factors influencing the development of secretory tissues; and (3)
possible evolutionary trends in the development of secretory tissues.

The cells of the secretory tissues are usually characterized by small vacuoles and relatively dense
cytoplasm containing numerous mitochondria. The frequency of other cell compartments and organelles
varies according to the particular compound secreted.

A general characteristic, common to almost all secretory trichomes, is complete cutinization of the side
walls of stalk cells, similar to that occurring in the walls of the cells of the root endodermis. The presence of
these ‘endodermal’ cells in secretory trichomes indicates that the flow of the secretory substances or their
precursors into the trichome takes place exclusively through the symplast and that flow of the secreted
substances back into the plant through the apoplast is prevented.

The views on the manner of secretion by the secretory tissues are based largely on the study of
ultrastructural changes which occur during the development of the secretory cells. In addition to
conventional electron microscopy, cytochemistry, autoradiography and sometimes stereological methods
have been applied.

A secretory tissue may consist of cells which are all involved in the elimination of the secreted substance
directly into the extracellular milieu (secretory cells), or of such cells together with auxiliary cells that do not
secrete directly into the extracellular spaces. In nectaries secreting through stomata for example, all the cells
of the nectariferous tissue release the nectar into the intercellular spaces whereas, in nectaries which release
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Figure 1. Diagram showing different pathways of secretion from secretory cells in vascular plants. (a)
Membrane transport — eccrine secretion. (b, ¢) Granulocrine secretion. (b) The membrane of a vesicle fuses with

the plasmalemma. (¢) Vesicle elimination is associated with invagination of the plasmalemma. (From Fahn,
1979 a.)

the nectar to the outside of the plant from epidermal cells or trichomes, the nectariferous cells below the
secretory cells transfer the pre-nectar into the secetory cells.

The elimination of the secretory material from the cytoplasm may be carried out in two ways (Fig. 1). The
secreted substance passes the plasmalemma (or tonoplast) by an active moleular process-eccrine secretion’; 2.
The secreted substance is collected in membrane-bound vesicles-granulocrine secretion. The membranes of
the vesicles fuse with the plasmalemma (or tonoplast), or the vesicles containing the secretory material are
eliminated from the cytoplasm by invaginations of the plasmalemma, which surround and detach them from
the protoplast.

II. SALT GLANDS
1. Introduction

Salt glands are specialized epidermal cells or trichomes, which play an active part in the secretion of solutions
of mineral salts and often also contain organic substances. Haberlandt (1918) called these ‘epidermal
hydathodes’ or ‘active hydathodes’, to distinguish them from the hydathodes proper, which he called
‘passive hydathodes’. Other authors failed to make such distinctions and used the general terms hydathode
or trichome hydathodes and, in specific cases, chalk glands. Tons reported as occurring in the secreted
solutions of salt glands are: Na*, K*, Mg**, Ca**, Cl", SO,*", NO,", PO,* and HCO, . There is no direct
connection between the salt glands and the vascular bundles. Salt may be eliminated into vacuoles or to the
outside of the glands.

Salt glands occur in several families of dicotyledons and in the Gramineae. In dicotyledons they are
characteristic of the Frankeniaceae, Plumbaginaceae and Tamaricaceae, but also occur in some genera of
other families, such as Acanthaceae, Chenopodiaceae, Convolvulaceae and Primulaceae. Salt glands are
present in many mangrove plants, e.g. Aegialitis (Plumbaginaceae), Aegiceras (Myrsinaceae), Avicennia
(Avicenniaceae) and Laguncularia (Combretaceae)

2. Glands eliminating salts into the vacuole

In Atriplex spp., salt is eliminated into a central vacuole of the bladder cell of the leaf trichomes. These cells
are situated on top of narrow, 1- to 3-celled stalks. In the early stages of the trichome development the
bladder cell lacks vacuoles. Growth of this cell is accompanied by the formation and expansion of a central
vacuole (Fig. 2a, b). At the same time, salt accumulates. Eventually, the bladder cell ruptures, releasing the
salt on to the surface of the leaf (Black, 1954). The side walls of the stalk cell or, if the stalk consists of more

than one cell, of the lowest cell, become completely cutinized (Fig. 2a, b) (Osmond et al., 1969; Thomson
& Platt-Aloia, 1979).

3. Glands eliminating salts to the outside of the cells

Among the glands eliminating salt to the outside of the cells, those of the Gramineae exhibit the simplest
anatomy. They consist of two cells, a basal and a cap cell. The position, size and shape of the glands varies
between species, (Liphshitz & Waisel, 1974; Liphshitz et al., 1974). The two-celled salt glands of Spartina
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Figure 2. Salt glands. (a, b) Atriplex halimus. L.. (a) Epidermis and bladder hairs; the lateral walls of the lowest
stalk cell are completely cutinized. (b) Diagram of a bladder hair, showing possible routes of chloride transfer
to the bladder cell and its vacuole. Arrows indicate active transport through membranes. One vesicle is seen
fusing with the bladder tonoplast. BC, bladder cell; ER, endoplasmic reticulum; St, stalk cell; V, vacuole. (¢)
Spartina towsendii. H. & J. Groves (d) Tamarix aphylla. Co, collecting cell; E, epidermal cell; Po, pore in the
cuticle; S, secretory cell. (e) Avicennia marina. (a-d, from Fahn, 1979a; e, from Fahn & Shimony, 1977.)
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(Fig. 2¢) possess a cylindrical depression, the ‘well’, between the cap cell and the four epidermal cells
surrounding it (Sutherland and Eastwood, 1916; Skelding & Winterbotham, 1939). A continuous cuticle
covers the cap cell, the narrow free upper part of the basal cell and the neighbouring epidermal cells. The
cuticle over the upper part of the cap cell is distended and becomes detached from the wall forming a cavity
between the two. In the elevated cuticle there are numerous narrow pores filled with electron-dense material.
Plasmodesmata occur between the basal cell and the cap cell and between the basal and neighbouring
mesophyll cells. However, no plasmodesmata are seen between the basal cell and the four neighbouring
epidermal cells. At the top of the basal cell along the thick wall separating the two gland cells, many long wall
protuberances extend into the basal cell. The plasmalemma along these protuberances forms very long
invaginations extending nearly to the base of the basal cell. The cytoplasm of this cell is dense and
particularly rich in mitochondria. It also contains some rough endoplasmic reticulum, dictyosomes, a few
plastids, small vesicles and multivesicular structures. The cytoplasm of the cap cell is in general similar to
that of the basal cell, except that the plastids are more prominent. In contrast to other salt glands and
secretory trichomes in general, cutinization of the side walls of the basal cell is uncomplete in the
graminaceous species investigated (Levering & Thomson, 1971). The manner of salt secretion in Spartina
has yet to be elucidated (Levering & Thomson, 1972; Thomson & Healey, 1984).

The salt glands of Limonium, Tamarix, Avicennia and many other dicotyledonous plants are multicellular
(see Fahn, 19794). The salt glands of Tamarix aphylla (L.) Karst., whose ultrastructure was studied by
Thomson & Liu (1967) and by Shimony & Fahn (1968), consists of 8 cells (Fig. 2d). The two-vacuolated
basal cells are termed collecting cells. The six upper cells with dense cytoplasm are the secretory cells. The
secretory cells are enclosed by a cuticle except for portions of the walls between the two lowest secretory cells
and the collecting cells (Fig. 2d). These wall portions which are penetrated by numerous plasmodesmata
(Fig. 4a), are termed transfusion areas. The side walls of the lowest secretory cells are completely cutinized.
These walls are lined by a complex extracytoplasmic structure known as the ‘intrafacial apparatus’. It
contains a variety of vesicles and lamellae (Bosabalidis & Thomson, 1984). In the upper secretory cells, wall
protuberances are present. On top of the gland, several distinct pores traverse the cuticle (Fig. 3). Numerous
mitochondria and plastids occur in the uppermost pair of the secretory cells. The plastids are electron-dense
and contain osmiophilic droplets. Vesicles interconnected by lamellae form several concentric series in the
peripheral region of the plastids. Along the walls and their protuberances, there are many vesicles and small
vacuoles containing electron-dense material (Fig. 3). Multivesicular structures are also visible in the
cytoplasm. Ribosomes and polysomes are more abundant in secretory cells of plants grown in high NaCl
concentration than those grown in low concentrations of NaCl. The protoplasts of the collecting cells
resemble those of the mesophyll cells. Electron-dense material, apparently of a pectic nature, occurs above
the cuticle on top of the gland, between this portion of the cuticle and the cell walls and in the cuticular pores
(Fig. 3). This material forms a continuous channel system with the cell walls and their protuberances, and
would appear to be the route by which the secreted salt solution reaches the outside of the plant.

The salt gland of the mangrove Avicennia (Fig. 2¢€) consists of 2—4 collecting cells, one disc-like stalk cell
and usually eight, but sometimes up to 12, radially arranged secretory cells (Walter & Steiner, 1937;
Chapman, 1944). The electron microscopical study carried out by Shimony, Fahn & Reinhold (1973) on the
salt glands of Avicennia marina (Forssk.) Vierh., revealed many similarities between their ultrastructure and
that of the glands of Tamarix (Fig. 4b—d). At the top of the gland, the cuticle is traversed by pores, which are
here numerous and very narrow (Fig. 4b). The side walls of the stalk cell are completely cutinized and the
cytoplasm adheres strongly to them (Fig. 4d). The transverse walls of this cell contain numerous
plasmodesmata. Between the cuticle and the upper walls of the secretory cells, moderately electron-dense
homogeneous material, probably of a pectic nature, is present. It is often also seen on the inner surface of
the side walls of the secretory cells (Fig. 4¢). It may function as a flow channel for the secreted salt solution
in the same manner as the electron-dense material of the glands of Tamarix. Inside the secretory cells, the
cytoplasm occupies most of the cell volume. The nucleus is large and mitochondria and ribosomes
numerous. Vesicles (Fig. 4¢), some with dense contents, frequently form aggregation in the peripheral
cytoplasm. Multivesicular structures often occur between the plasmalemma and the cell wall.

4. Structure and function

Liittge (1969, 1971) reviewed the hypotheses about the uptake of ions from the xylem and their translocation
through the mesophyll to the salt glands. According to Shimony et al. (1973), a downhill salt gradient
appears to exist in leaves of Avicennia from near the xylem to the gland, and is continued through the gland
itself, the secretory cells having the lowest salt content. Thomson (1975), Campbell & Thomson (1976a,
b) and Van Steveninck et al. (1976) discussed the question of apoplastic versus symplastic transport of salt
to the gland. However, this problem has not yet been resolved.
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Figure 3. Upper part of a salt gland in Tamarix aphylla; D, electron-dense pectic material; M, mitochondrion;
Po, pore in the cuticle, filled with electron-dense material; Pt, wall protuberance; V, vesicles; W, cell wall.
x 23000. (From Shimony & Fahn, 1968.)

As already mentioned, the cytoplasm of the secretory cells of salt glands is rich in ribosomes and contains
a large nucleus and numerous organelles, particularly mitochondria. This supports the view that the
elimination of ions from the cytoplasm requires energy.

The basic question of how the salt solution is eliminated from the cytoplasm of the secretory cells has yet
to receive a definite answer. As numerous vesicles and small vacuoles occur in the secretory cells, many in
the peripheral cytoplasm, several authors have suggested that they are involved in the process of secretion
(Thomson & Liu, 1967; Shimony & Fahn, 1968; Osmond et al., 1969; Thomson, Bery & Liu, 1969;
Shimony et al., 1973). Thomson & Healey (1984) hypothesized that the primary mechanism involved in the
transport of salt across membranes into the vacuole of Atriplex, into the outer spaces of the plasmalemmal
invaginations in graminaceous glands and into the vesicles and/or across the plasmalemma of the secretory
cells of multicellular glands, is an eccrine process.

The transport of the salt solution, after it has been eliminated from the protoplasts of the two-celled and
the multicellular glands, takes place in the wall. The cell wall of the secretory cells seems to be particularly
adapted for this purpose. In many cases (e.g. Tamarix, Spartina) wall protuberances extend into the cell.
The wall protuberances and to some extent the wall itself, appear to be rich in pectic substances, thus having
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Figure 4. Salt glands. (a) Tangential section of the wall between a collecting cell and a neighbouring secretory
cell of a gland in Tamarix aphylla, showing numerous plasmodesmata x 50000. (b—d) Avicennia marina. (b)
Scanning electron micrograph of a gland. Many minute pores are visible in the cuticle. x 11000. (¢) cross-
section of a young gland, showing numerous vesicles (V) and an opaque substance (OS) (apparently of a pectic
nature) between the protoplast and the cell wall. x 7000. (d) Longitudinal section showing the completely
cutinized side wall (CW) of the stalk cell; W, cutin-free cell wall. (From Fahn, 19794 and Shimony et al.
1973.)

favourable properties for the absorption of solutions. In addition, protuberances which are lined by the
plasmalemma greatly enlarge the surface of the protoplast as in many other cells in which short-distance
transport takes place. Such transfer cell morphology (Pate & Gunning 1972) would clearly appear to
facilitate the transport of solutes between the symplast and its extracellular environment. The back flow of
the secreted salt solution through the apoplast into the neighbouring tissues is blocked, at least in the
dicotyledons, by the endodermal cells (Schrodter, 1926; Schnepf, 1969a; Fahn, 1979 a).
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I11. NECTARIES
1. Introduction

Caspary (1848) distinguished between floral and extrafloral nectaries; the former occurring in flowers, the
latter on vegetative organs. Delpino (1868-75), who considered the function of the nectaries, proposed the
terms nuptial and extranuptial nectaries; the first for nectaries occurring within the lower, which are directly
associated with pollination, and the second for nectaries occurring on the outside of the outer floral parts and
on vegetative organs, which are not directly associated with pollination. The terms floral and extrafloral
nectaries are now commonly used in the same sense as Delpino used the terms nuptial and extranuptial
nectaries (Elias & Gelband, 1976; Fahn, 1979a, b).

Delpino (1868-75) expressed the view that the extrafloral nectaries of all plants function in attracting ants
that defend the plants against herbivores. Darwin (1876) doubted whether in all cases the extrafloral
nectaries serve this purpose. He mentioned, for instance, that Pteridium aquilinum (1.) Kuhn is very rarely
attacked and yet, as discovered by his son Francis, at the base of the fronds there are large nectary glands.
However, Darwin agreed that in some cases, such as in Passiflora and Acacia, secretion by the extrafloral
nectaries ‘serve to attract insects as defenders of the plant’. Recently, much attention has been paid to the
function of the extrafloral nectaries, and more and more evidence has been obtained in support of the view
that they attract ants, which protect the plants bearing them from damage by herbivores (Bentley, 1977,
Schemske, 1980; Keeler & Kaul, 1984).

2. The structure of nectaries

Nectaries occur on plant surfaces. They may be either flush with the surface of the plant or may form
outgrowths or be sunken, in some cases very deeply, as for instance are the septal nectaries of many
monocotyledons. The nectary consists of a modified epidermis, with or without trichomes, and specialized
parenchyma. The tissue which constitutes the nectary is called nectariferous tissue. The cells of this tissue,
especially of the parenchyma, are usually small and contain a dense granular cytoplasm and a relatively large
nucleus (Caspary, 1848 ; Behrens, 1879; Bonnier, 1879; Fahn, 1952). The nectaries either abut the ordinary
vascular bundles of the organs on which they occur, or contain special bundles, which are connected with
the ordinary vasculature. The special vascular bundles may consist of both phloem and xylem or of phloem
alone (Frei, 1955; Kartashova, 1965; Fahn, 1979a; Said, 1982; Davis, Peterson & Shuel, 1986; Dafni,
Lenski & Fahn, in preparation). Nectar is exuded from the nectary either from the epidermal cells or by
trichomes or by the nectariferous parenchymatous cells. In the latter case, the cells secrete the nectar into
the intercellular spaces, whence it moves to the outside of the nectary either via modified stomata or via
lysigenous cavities, as for instance in the extrafloral nectaries of Sambucus (Fahn, 1987a) (Fig. 5a-c).

3. Nectar and its source

Secreted nectar consists mainly of sugars but with small amounts of other substances. The most common
sugars are sucrose, glucose and fructose, with smaller amounts of maltose, raffinose, galactose and melibiose.
Based on quantitative relationships between sucrose and glucose—fructcse, three main types of nectar have
been distinguished: (1) sucrose-dominant; (2) glucose—fructose dominant; (3) those with an equal ratio of
sucrose: glucose—fructose (Fahn, 1949; Percival, 1961; Bahadur, Chaturvedi & Swamy, 1986). The ratio
between the different sugars is generally constant within a species but may differ markedly between species,
sometimes even between closely related ones (Baker & Baker, 1983 a, b). The other substances reported in
nectar are polysaccharidic mucilage, proteins (mainly enzymes, among them transglucosidase and
transfructosidase), amino acids, lipids, organic acids, ascorbic acid (functioning apparently as an antioxidant)
mineral ions, phosphates and alkaloids (Liittge; 1961 ; Baker & Baker, 1975, 1983 a, b; Fahn, 1979 a). Baker
& Baker (1973 a, b) found amino acids in a minor but significant amount in 260 of 266 plant nectars
examined. These authors concluded that the amino acids significantly affect the flower-visiting behaviour of
potential pollinators. Butterfly-pollinated flowers, for instance, appear to produce nectar containing high
concentrations of amino acids more consistently than bee flowers. This difference may be related to the fact
that bees have an alternative source of amino acids in pollen.

The origin of the secreted nectar is the phloem sap (Frey-Wyssling & Agthe 1950; Zimmermann, 1953;
Frey-Wyssling, 1955; Matile, 1956). The pre-nectar moves from the sieve elements to the cells of the
nectariferous tissue. In the nectariferous tissue the pre-nectar may become modified by enzymic activity and
by the process of reabsorption (Ziegler & Liittge, 1959; Liittge, 1961; Shuel, 1961; Ziegler, 1965). The
changes occurring in the pre-nectar of extrafloral nectaries of Ricinus communis 1.. are recorded by Baker,
Hall & Throp (1978).
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Figure 5. Nectaries. (a, b) Floral nectaries. (a) Abutilon pictum Walp. Rep., scanning electron micrograph.
% 300. (b) Vinca major L..; S, stoma. x 500. (¢) Extrafloral nectary of Sambucus nigra L..; L, lysigenous cavity;
N'T", nectariferous tissue. x 50.

Bieleski & Redgwell (1980) suggested that there is a bidirectional movement of sugars, from the nectary to
the outside and from the secreted nectar back into the nectary. According to these authors the two-way
transfer of sugars plays a significant part in the final sugar composition of the nectar.

The factors governing the preferential flow of the pre-nectar towards the secretory cells rather than to
neighbouring cells are not yet clear. It has been suggested that hydrolysation of sucrose into its monomers
may play a role in forming a sink for sugars in the nectariferous tissue. As a result, a sucrose concentration
gradient could be maintained which causes a passive flow of sucrose from the sieve elements to the nectar-
secreting cells (sce Liittge & Schnepf, 1976; Liittge, 1977; Meyberg & Kristen, 1981). However, this cannot
be the case in nectaries where sucrose is the dominant sugar secreted. Liittge (1977) considers an active
transmembrane transport to play the main role in sugar movement, but, exocytosis and endocytosis may also
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take place. Elimination of the nectar from the secretory cells of the nectary may occur via either eccrine or
granulocrine pathways (see later).

4. The ultrastructure of nectariferous tissue

The walls of the secretory cells of many plants possess protuberances on their inner surface, which may be
developed to different amounts depending on the species. They may be very small and inconspicuous, as in
the epithelial cells of the septal nectaries of Tillandsia (Cecchi Fiordi & Palandri, 1982); somewhat larger as
in the septal nectaries of the banana (Fahn & Benouaiche, 1979); or they may form a thick labyrinthine layer
as in the septal nectaries of Gasteria trigona Haw. (Schnepf, 1969a) in the corolla nectaries of Lonicera
japonica (Fig, 6a, b) (Fahn & Rachmilevitz, 1970) and in the secretory trichomes of the extrafloral nectaries
of Vicia faba 1. (Tarkowska, Zobel & Maciak, 1981). In the wall of the apical side of the epithelial cells of
the Cynanchum nectary, Christ & Schnepf (1985) found channel-like structures of low electron density.

The free surface of the nectary may be covered by a thin or thick cuticle. In nectaries which secrete
through papillae or multicellular trichomes, the side walls of the lower part of the papillae or those of the
lowest cells of the multicellular trichomes (the stalk cells), are completely cutinized (see Fahn, 1979a, b).
This wall structure and its function, which is characteristic of almost all secretory trichomes, has been
previously discussed in the section on salt glands.

The walls of the nectariferous cells contain numerous plasmodesmata (Fahn & Rachmilevitz, 1970;
Findlay & Mercer, 1971; Wergin et al., 1975; Zandonella & Piolat, 1982). Eleftheriou & Hall (1983) have
observed, in the extrafloral nectaries of cotton, ER cisternae close to or oriented towards the
plasmodesmata.

The volume of the cytoplasm in the nectariferous cells is relatively large. With the growth of the cells
towards the stage of secretion, the volume of the vacuoles may increase. The cytoplasm is usually dense, and
rich in ribosomes. The plasmalemma is often highly convoluted, and in many nectaries multivesicular
structures occur between the infolded regions of the plasmalemma and the cell walls (Eymé, 1967; Fahn &
Rachmilevitz, 1970; Rachmilevitz & Fahn, 1973; Kalman & Gulyds, 1974; Belin-Depoux & Clair-
Muczulajtys, 1975; Fahn & Benouaiche, 1979; Mohan & Inamdar, 1986). In many plants, vesicles
occurring in the cytoplasm can also be seen to be in contact with the plasmalemma (Fahn, 19795; Eleftheriou
& Hall, 1983). In most nectaries endoplasmic reticulum is highly developed, and its cisternae are often
arranged in stacks. The ER is mainly rough, but at the stage of secretion it may become part smooth. At this
stage, the ER cisternae are dilated and associated with vesicles (Fig. 6b) (Fahn & Rachmilevitz, 1970; Fahn
& Beouaiche, 1979 ; Schnepf & Christ, 1980; Eleftheriou & Hall, 1983 ; Mohan & Inamdar, 1986). In many
nectary cells, in addition to ER, numerous active dictyosomes are present (Eymé, 1966; Figier, 1968;
Tacina, 1973 ; Benner & Schnepf, 1975; Fahn & Benouaiche, 1979; Christ & Schnepf, 1985; Marginson,
Sedgley & Knox, 1985 a; Marginson et al., 1985b).

At the stage of secretion the nectary cells contain numerous mitochondria, the cisternae of which are
usually well developed (Fahn & Rachmilevitz, 1970; Eriksson, 1977; Schnepf & Christ, 1980; Mohan &
Inamdar, 1986). In Cynanchum vincetoxicum Pers. Christ & Schnepf (1985) have seen that most of the
mitochondria are aggregated into complexes. Plastids occur in varying numbers. They have very few
thylakoids, and most contain starch grains. In some plant species, at the stage preceding secretion, the
amount of starch is very large (Durkee, Gaal & Reisner, 1981; Durkee, 1982). An increase in the amount
of starch grains towards the stage of secretion and its subsequent decline has recently been observed in the
nectaries of Rosmarinus officinalis (Dafni & Fahn, unpublished results). Free osmiophilic globuli are often
present in the cytoplasm.

5. Ultrastructure and the process of secretion

(a) Transport of pre-nectar. Several possible pathways by which the pre-nectar flows from the phloem
endings, through the parenchymatous cells of the nectary and into the secretory cells, have been suggested.
(1) Via the apoplast (Vassilyev, 1969, 1971; Schnepf & Deichgriber, 1984). (2) Via exocytosis and
endocytosis (tentatively suggested by Eymé, 1966, and Findlay & Mercer, 1971); in this pathway
multivesicular structures may take part (Kalman & Gulyds, 1974). (3) Molecular transport across the
plasmalemma of successive cells and passage through cell walls. (4) Via plasmodesmata.

The first possible pathway can be discarded, at least in the case of nectaries which secrete from trichomes,
because of the presence of the endodermal stalk cells. The second pathway would involve repeated secretion
and absorption of pre-nectar as it passes from cell to cell through the cell wall.

Many studies lead to the conclusion that the transport of the pre-nectar is mainly in the symplast.
Numerous plasmodesmata traverse the walls of nectariferous cells (Fahn & Rachmilevitz, 1970; Findlay &
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Figure 6. Secretory papillae in the nectary of Lonicera japonica Thunb. (a) The cuticle (C) is partly detached
from the cell wall. The latter possesses a thick layer of wall protuberances (Pr); M, mitochondria; N, nucleus;
P, plastids. x3500. (b) At the edges of the parallel sheets of ER cisternae vesicles are present; Pr, wall
protuberances. x 16000. (From Fahn & Rachmilevitz, 1970.)

Mercer, 1971; Wergin et al., 1975; Eleftheriou & Hall, 1983 Kronestedt et al., 1986). Gunning & Hughes
(1976) studied the nectary trichomes of Abutilon, and found a high frequency of plasmodesmata in the
periclinal cell walls. These authors have calculated that the required sugar flux through the endodermal stalk
cell of the trichome is 3—4 orders of magnitude greater than quoted in the literature for flux through cell
membranes. On the other hand the number and dimensions of the plasmodesmata in the distal periclinal wall
of the endodermal stalk cell provide a low-resistance pathway for bulk flow of sugar solution. Their study
thus supports the view that the pre-nectar flows through the plasmodesmata.
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Figure 7. Diagram presenting various possible ways of pre-nectar transport into secretory cells and nectar
elimination from them. (1) Molecular transport through the plasmalemma and into the ER; (2) transport
through the cytoplasmic annulus of a plasmodesma into the protoplast and the entry into the ER by membrane
passage; (3) entry into the ER of the secretory cell through the desmotubule of a plasmodesma; (4) as in (2)
but entering a Golgi body; (5) elimination of nectar by fusion with the plasmalemma of vesicles which
originated from ER; (6) elimination of nectar by fusion of Golgi vesicles with the plasmalemma. (From Fahn,

1979a.)

(b) Transport of nectar outward from the secretory cells. T'wo main modes of transport of nectar to the outside
of the protoplast of secretory cells have been suggested. There are theories of active molecular transport
through membranes — eccrine secretion (see Liittge & Schnepf, 1976), and of transport via vesicles whose
membranes fuse with the plasmalemma — granulocrine secretion (Fig. 7).

In 1964 Schnepf expressed the view that in the septal nectaries of Gasteria and some other Liliaceae,
nectar transport is a molecular process at the plasmalemma; amplification of the plasmalemma, resulting
from the development of wall protuberances, was associated with the onset of nectar secretion. The
possibility of molecular transport of sugars within the nectary of Abutilon was discussed by Reed, Findlay
& Mercer (1971).

Fahn & Rachmilevitz (1970) and Rachmilevitz & Fahn (1973) studied the changes in the ultrastructure of
the secretory cells of the nectaries of Lonicera, Vinca and Citrus, at various developmental stages. They
observed that, towards the phase of secretion, there is a pronounced increase in the amount of the ER with
the cisternae becoming dilated, and associated with numerous vesicles (Fig. 6). In some nectaries ER
cisternae lay adjacent to the plasmalemma. On the basis of these observations it was suggested that the vesicle
membranes fuse with the plasmalemma. Presumably the nectar accumulates in the ER and is transported
to the plasmalemma in the vesicles budded off from its cisternae. The membranes of the two fuse and the
nectar is eliminated from the protoplast by reverse pinocytosis. This view has been supported by a number
of other investigations (Belin-Depoux & Clair-Maczulajtys, 1975; Eleftheriou & Hall, 1983).

Suggestions that Golgi vesicles rather than vesicles originating from ER origin are involved in outward
transport of the nectar have been made by a number of authors (Eymé, 1966; Tacina, 1973 ; Figier, 1968,
1971; Benner & Schnepf, 1975). In the nectary of the calyx spur of Tropaeolum majus L.. (Rachmilevitz &
Fahn, 1975) and in the septal nectary of Musa paradisiaca L. var. sapientum (Fahn & Benouaiche, 1979),
numerous dictyosomes bud off vesicles at the stage of secretion. Dilated ER cisternae and ER vesicles were
also numerous. It was thus suggested that in the nectaries of these plants both the endoplasmic reticulum
and the Golgi apparatus are involved in nectar secretion. A similar suggestion was made by researchers who
worked on nectaries of some other plants (Marginson et al., 1985a; Schnepf & Christ, 1980; Christ &
Schnepf, 1985).

The nectaries of some plants, such as those of the banana (Fahn & Benouaiche, 1979), secrete a nectar
which contains polysaccharides and protein in addition to sugar. It has been suggested that in these nectaries
the secretion of polysaccharides and protein also involves the ER and the Golgi apparatus.

In addition to developmental ultrastructural studies labelling and histochemical techniques have also been
applied to secretory cells. Heinrich (1975a) studied the localization of phosphatases in the secretory
epithelium of the septal nectaries of Aloé. He found high activity at ATPase, nucleoside diphosphatase and
glucose-6-phosphatase in the ER and generally an absence of activity of these phosphatases in the
plasmalemma. Heinrich thus assumed that the endoplasmic reticulum plays an important role in nectar
transport. Figier (1972), who tried to localize acid phosphatase in petiolar nectaries of Impatiens, also
observed only limited reactions on the plasmalemma and the cell walls, except of the sieve tubes and the
transfer cells, where he found heavy deposits of the reaction product.
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Attempts to follow the path of sugar in the nectary by means of autoradiography were made by Fahn &
Rachmilevits (1975) and by Heinrich (1975b). After feeding floral nectaries of Lonicera with tritiated
sucrose the ER and vesicles in the secretory cells became labelled. In the nectariferous tissue below the
secretory cells, labelling was frequently observed in the plasmodesmata. Heinrich, on the basis of labelling
the septal nectaries of Aloé with tritiated glucose, concluded that the nectar is secreted by vesicles, but could
not decide whether they originated from ER or from dictyosomes.

IV. MUCILAGES AND GUMS

Mucilages and gums consist principally of polysaccharides although some mucilages also contain proteins.
No exact distinction can be made between mucilage and gum, but in general the viscosity of the gums is
usually higher than that of the mucilages.

Plant mucilages are complex acid and/or neutral polysaccharide polymers of high molecular weight. They
may act as food sources, as an adhesive in seed dispersal, in regulation of seeds germination, in the capture
of insects by carnivorous plants, as lubricant of growing root tips and, in root-microorganism interactions
(Horner & Lersten, 1968; Gutterman, Witztum & Evenari, 1967; Fahn, 1979a; Distelbarth & Kull, 1985
Rougier & Chaboud, 1985).

Mucilages may be secreted by solitary cells (Hibiscus esculentus L., Opuntia ficus-indica Mill.), by secretory
trichomes (Rumex, Psychotria), or by ducts and cavities (Sterculia, Brachychiton) (Schnepf, 1968 Lersten,
1975; Metcalfe & Chalk, 1983; Baas & Gregory, 1985). Gum ducts that develop as a result of injury or
infection occur in Liquidambar styraciflua 1.., Acacia species, members of the Prunoideae and Citrus species
(Iig. 8a, b) (Gedalovich & Fahn, 1985 a).

Many ultrastructural investigations lead to the conclusion that the Golgi apparatus is involved in the
production of the mucilage and its elimination from the protoplast. Numerous dictyosomes are present in
the mucilage-secreting cells at the stage of secretion. The presence of polysaccharides in the Golgi vesicles
has been proved by histochemical and cytochemical methods (Fig. 8¢) (Schnepf, 1968; Horner & Lersten,
1968; Rougier, 1972; Trachtenberg & Fahn, 1981; Gedalovitz & Fahn, 1985a; Catesson & Moreau, 1985).
Many observations lead to the conclusion that Golgi vesicles filled with polysaccharides move towards the
cell periphery, where their membranes fuse with the plasmalemma, thus extruding the mucilage to the
outside of the protoplast (Trachtenberg & Fahn, 1981 ; Schnepf, Deichgriber & Barthlott, 1983). The
involvement of the ER in polysaccharide mucilage secretion has also been suggested (Horner & Lersten,
1968; Bouchet & Deysson, 1974; Werker & Kislev, 1978 ; Werker & Fahn, 1981). The mucilage may either
accumulate inside the cell wall or in the space between it and the retreating protoplast, as in the mucilage
cells of Opuntia ficus-indica (Trachtenberg & Fahn, 1981), or be extruded through the cell wall and cuticle
to the outside, as in the mucilage-secreting trichomes in Psychotria (Horner & Lersten, 1968).

In the secretion of protein-carbohydrate mucilage both the Golgi apparatus and rough ER are involved
(Kristen & Lockhausen, 1985). Unzelman & Healey (1974) have observed in the secretory trichome cells
of Pharbitis nil Benth. ex Miessn., at the stage of secretion, numerous protein—carbohydrate storage vesicles
surrounded by a complicated network of RER, and that the two are often in contact with each other. This
RER extends to the plasmalemma. These authors suggest that RER and coated Golgi vesicles are active in
the export of the mucilage, whereas smooth Golgi vesicles coalesce to form the large storage vesicles. Kristen
(1976) suggested that, in the placental papillae of Aptenia cordifolia, two types of vacuole enclosed by rough
ER play a role in protein—carbohydrate accumulation. One type of vacuole — storage vacuoles — derives from
fusion of Golgi vesicles. In the other type, ER cisternae which have lost their membrane-bound ribosomes
seem to delimit organelle-free portions of cytoplasm to form pseudovacuoles. Kristen could find no evidence
for the export of mucilage via the ER. Joel & Fahn (1980¢), who studied protein-carbohydrate mucilage
secretion in ducts of mango fruits, suggested that areas of cytoplasm rich in ribosomes become delimited by
loops of ER to form pseudovacuoles which eventually become bound by a single membrane of ER origin.
The protein is probably produced in the pseudovacuoles which become storage bodies. As protein
accumulates, carbohydrates are added to these bodies from Golgi vesicles (Fig. 9).

Gum production in ducts of stems of many plant species is usually referred to as gummosis. Different views
have been expressed regarding the way the gum is produced during gummosis. Some authors attributed gum
formation to cell-wall decomposition (Tschirch, 1889; Butler, 1911; Groom, 1926; Vander Mollen,
Beckman & Rodehorst, 1977; Stosser, 1979). However, in Citrus and some other plants gum production
results from the synthetic activity of secretory cells (Catesson et al., 1976 ; Moreau et al.,1978; Catesson &
Moreau, 1985; Gedalovich & Fahn, 1985a; Morison & Polito, 1985). When gum ducts develop in the
cambial region of Citrus trees, many active dictysomes containing polysaccharides occur in the epithelial
cells. The gum is first secreted into the space between the plasmalemma and the cell wall facing the duct
lumen, and then to the outside of the cell wall (Fig. 8a—c).



Figure 8. Gum ducts of Citrus. (a) Young ducts (D) in the cambial region. x 700. (b) Ducts embedded in the
secondary xylem. x 500. (¢) Electron micrograph of an epithelial cell stained for polysaccharides; G, Golgi
bodies. x 9000. (From Gedalovich & Fahn, 1985a.)

V. TISSUES SECRETING LIPOPHILIC MATERIAL
1. Substances secreted and the cells and tissues involved

Among the lipophilic materials secreted by plants are terpenes, fats, wax and flavonoid aglycones. Essential
oils and resins, which contain a great variety of terpenes (Goodwin & Mercer, 1972), are distinguished only
on practical grounds. Essential oils contain volatile low-molecular-weight terpenes, whereas the resins are
a mixture of volatile and non-volatile terpenes.

Lipophilic materials are secreted by a variety of anatomical structures; solitary cells — idioblasts (e.g. oil
cells of Laurus); areas of epidermal cells (e.g. epidermal spots on stipules in buds of Populus which secrete
flavonoid aglycones mixed with terpenes), trichomes (e.g. glandular trichomes of the Labiatae); cavities (e.g.
essential-oil cavities of the Rutaceae); ducts (e.g. resin ducts of Pinus). Many tissues secreting lipophilic
material may also produce additional substances. The secretory trichomes of Inula viscosa Ait., for instance,
secrete polysaccharides and protein in addition to lipophilic material.

Fragrance in flowers results from volatile low molecular-weight terpenes, which occur in the form of
minute droplets in the cytoplasm of the epidermal and neighbouring mesophyll cells of the sepals (see
Kisser, 1958). In some plants e.g. Ceropegia, Aristolochia and species of the Orchidaceae and Araceae, the
fragrance production is restricted to certain areas of the floral parts known as osmophores where cells usually
differ structurally from their neighbours. In addition to terpenes, osmophores may also secrete amines and
ammonia (Vogel, 1962, 1966; Smith & Meeuse, 1966; Pridgeon & Stern, 1983).
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Figure 9. Diagram showing the likely origins of protein—carbohydrate mucilage in mango fruit ducts. (From
Joel & Fahn, 1980¢.)

Oil cells containing oil drops commonly attached to a wall protuberance occur in a number of families,
such as Araceae, Aristolochiaceae, Calycanthaceae, Lauraceae, Magnoliaceae, Piperaceae and Saururaceae
(Lehmann, 1926; Leemann, 1928; Paech, 1952; Ziegler, 1960; Tucker, 1976; Maron & Fahn, 1979).

Glandular trichomes secreting lipophilic substances occur in many families, e.g. Labiatae Compositae,
Geraniaceae, Solanaceae and Cannabinaceae. The trichomes vary in shape and structure. In the Labiatae
there are two main types of glandular trichomes, peltate and capitate. Peltate trichomes comprise a basal cell,
a short stalk cell and a broad head consisting of many secretory cells arranged in one layer. The capitate
trichomes consist of a basal cell, a one- to several-celled stalk and a head of one or two cells (Fig. 10a b)
(Fahn, 1979a; Werker, Ravid & Putievsky, 19854, b). The glandular trichomes possess a cuticle proper
and a cuticular layer. The side walls of the stalk cells, at least in peltate trichomes, are completely cutinized.
With the maturation of the trichomes, the two layers of the cuticle become detached from the pecto-
cellulosic wall, and the essential oil accumulates in the subcuticular space. The latter is particularly large in
the peltate trichomes. Some of the volatile essential-oil fraction may pass through the cuticle, but most of
the secreted material is discharged to the outside only after the rupture of the cuticle (Schnepf, 19694). In
some capitate trichomes, pores occur in the cuticle (Amelunxen, 1964). The glandular trichomes of Cannibus
sativa L.. which secretes the narcotic cannabinoids, occur in several forms ranging from few-celled bulbous
structures to many-celled capitate glands (Mahlberg et al., 1984).

The secretory trichomes of many compositae are multicellular and biseriate. They may be stalked or
sessile. The head consists of one or two pairs of chlorophyll-less summit cells and 2-3 pairs of chlorophyll-
containing cells. All head cells secrete other compounds in addition to lipophilic substances. In Inula
viscosa it has been reported that polysaccharides and proteins occur in addition to lipophilic compounds
(Werker & Fahn, 1981). In Artemisia campestris L. ssp. maritima, fatty acids, terpenes, sterols and flavonol
aglycones have been detected (Ascensao & Pais, 1985). The secreted material, as seen in Inula, is either
exuded through minute pores in the cuticle, or accumulates below the cuticle and is discharged to the outside
after the cuticle is ruptured.

For a full account of flavonoid-secreting tissues see Feher (1923), Charriere-Ladreix (1973) and

Wollenweber (1984).
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Figure 10. Oil-secreting trichomes of Labiatae. (a) A peltate trichome with a secreted oil drop (O) in the
subcuticular space; CW, cutinized cell wall. (b) capitate trichome.

Secretory cavities occur in many facilities such as Myrtaceae, Rutaceae, Myoporaceae, Hypericaceae and
in some species of the L.eguminosae (Metcalfe & Chalk, 1983). Secretory ducts (or canals) are known to occur
in the Pinaceae, Anacardiaceae, Compositae, Hypericaceae, Leguminosae and Umbelliferae (Metcalfe &
Chalk, 1983).

Several cell layers usually line the lumen of ducts and cavities. The innermost layer is most active in the
process of secretion and is called the epithelium. During the expansion of the cavity, cells of the outer layers
may become incorporated into the epithelium (Werker & Fahn, 1969; Fahn & Evert, 1974; Joel & FFahn,
1980 a; Bosabalidis & Tsekos, 1982 a; Pereira da Costa, 1985). The outermost cell layers of the secretory
complex may be thick-walled and form a protective sheath, as for instance in Citrus (Bosabalidis & Tsekos,
1982 a). In the resin ducts of Pinus the epithelial cells are thin-walled, but outside them is a sheath of one
or more layers of cells with relatively thick walls. Within the sheath are dead cells which may form a cylinder
around the epithelial cells. The inner lamellae of the wall of these dead cells contain suberin (Werker & Fahn
1969).

The epithelial cells of the secretory cavities (Fig. 114, b) and ducts discharge the secreted materials into
the lumina of these structures. The manner in which these lumina develop in the various organs of different
plant species has been widely discussed. Views as to whether the lumen of a certain cavity or duct develops
lysigenously or schizogenously, or by a schizo-lysigenous process, have often been contradictory (Carr &
Carr, 1970; Fahn & Joel, 1977; Joel & Fahn, 1980 a; Bosabalidis & Tsekos, 1982 a). The cells of the cavities
and ducts which are about to disintegrate usually have a highly osmiophilic cytoplasm, and often the
dictyosomes and/or the ER become dilated (Amelunxen & Arbeiter, 1967; Fahn & Benouaiche, 1979; Joel
& Fahn, 1980 a; Bosabalidis & Tsekos, 1982 a).

2. Cell compartments involved in the process of secretion

The most common ultrastructural feature of the cells secreting a lipophilic substance is the occurrence of
osmiophilic material in plastids. In most cases these plastids are partly or completely surrounded by
endoplasmic reticulum (Fig. 11¢) (periplastidal ER) (Schnepf, 19695b; Fahn & Evert, 1974; Fahn &
Benayoun, 1976; Joel & Fahn, 19806 ; Bosabalidis & Tsekos 1982 a; Heinrich & Schultze; 1985). In some
plants the plastids contain a peripheral reticulum which may function in the transport of lipophilic material
to the envelope (Vermeer & Peterson, 1979; Werker & Fahn, 1981; Ascensao & Pais, 1985). Plastids with
a peripheral reticulum occur also in floral chromoplasts of some plants (What]ey & Whatley, 1987). The
membranes of the ER in contact with osmiophilic droplets are usually smooth. Smooth tubular ER often
occurs in the cytoplasm (Amelunxen & Arbeiter, 1967; Schenpf, 19605, 1972; Joel & Fahn, 198054; Danilova
& Kashina, 1987). In addition to the plastids and the ER, osmiophilic material has also been observed in
mitochondria, dictyosomes and the nuclear envelope (Vassilyev, 1970; Fahn & Evert, 1974; Fahn &
Benayoun, 1976; Joel & Fahn, 19805b). Production of lipophilic material in the ground cytoplasm has been
suggested in the calyx glands of Plumbago capensis Thunb. (Rachmilevitz & Joel, 1976) and in oil glands of
Origanum dictamnus 1.. (Bosabalidis & T'sekos, 1982b).

The occurrence of osmiophilic material in several different cell compartments in tissues which secrete
essential oils or resins raises several questions regarding the possible site(s) of synthesis of these materials.
Three possible interpretations can be suggested. (1) Each organelle in which osmiophilic droplets occur is
capable of synthesizing all the oil or resin components independently. (2) There are several steps in essential-
oil or resin synthesis, each taking place in a particular organelle. (3) Different components are synthesized
by different organelles. On the basis of the fact that, in the resin ducts of Mangifera indica L., the lipophilic
droplets associated with the dictyosomes appeared less osmiophilic than those in the plastids and the ER,
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Figure 11. (a, b) Oil cavities. (a) An oil gland in a Citrus pericarp. X 50. (b) An oil gland in a Eucalyptus leaf
(scanning electron micrograph). x 150. (¢) Electron micrograph of an epithelial cell of a primary resin duct of
Pinus halepensis Mill.; M, mitochondrion; P, plastid. x 28000. (@ and b from IFahn, 1982; (¢) from Benayoun
& Fahn, 1979.)

and that both kinds of droplets were also found outside the plasmalemma, Joel & Fahn (19805) suggested
that the third interpretation was the most likely in this case. This view is strengthened by the results of a
histochemical study which revealed droplets of different kinds in the shoot apical region of Pinus halepensis
(Werker & Fahn, 1968).

Cheniclet & Carde (1985) suggested that there is a relationship between the structure of the plastids and
their involvement in monoterpenes synthesis. When the essential oil contains significant amounts of
monoterpenes, the secretory cells contain typical leucoplasts devoid of ribosomes and thylakoids. In contrast,
when the volatile extract contains no monoterpene, or only a small amount, the plastids display various
structural characteristics such as thylakoids, ribosomes and tubular networks.

The ER in addition to taking part in the synthesis of lipophilic substances, may also take part in
intracellular transport of this material (Figs. 11¢ & 12) (Benayoun & Fahn, 1979; Bosabalidis & Tsekos,
1982a). Benayoun & Fahn (1979) and Mikulska & Zolnierowicz (1976) observed connections between
membranes of the plastidal envelope and the periplastidal ER. Benayoun & Fahn (1979) suggested that, in

the epithelial cells of the resin ducts of Pinus halepensis, the ER is transporting the resin components from

17 ANP 108
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Figure 12. Diagram showing the possible mode of intracellular transport of resin and its elimination from the
protoplasts of epithelial duct cells; ER, endoplasmic reticulum; G, Golgi body; M, mitochondrion; P, plastid;
Pl, plasmalemma; W, cell wall; solid black indicates resin droplets.

the plastids, mitochondria and nuclear envelope to the plasmalemma. By fusing with the plasmalemma the
IR releases the resin to the outside of the protoplast. The resin produced in the cytoplasm and by the Golgi
apparatus may be eliminated by plasmalemma invaginations, which surround the resin droplets and detach
them from the protoplast (Fig. 12). Fusion of membranes of the ER, which carries oil droplets, with the
plasmalemma has also been suggested by Bosabalidis & Tsekos (1982a) for the secretory cells of the
essential-oil cavities of Citrus deliciosa Tenore. Transport of fatty oils through the plasmalemma via
granulocrine elimination has also been postulated in the osmophores of the orchid Restrepia (Pridgeon &
Stern, 1983).

VI. FACTORS INFLUENCING THE DEVELOPMENT OF CERTAIN SECRETORY TISSUES
1. General background

Glandular trichomes are constant features of many plant species and develop without external stimuli. The
question as to whether external factors influence their density on the plant surface has not yet been
studied.

The inner secretory tissues, such as ducts and cavities, are also characteristic of certain plants but their
development may or may not depend on external factors, such as injuries, pathogens or physiological stresses

(Fahn, 19875).

2. Resin ducts

In the Pinaceae, resin ducts are regarded as a normal feature in the genera Pinus, Picea, Larix and
Pseudotsuga, whereas in Abies, Cedrus, Tsuga and Pseudolarix they were reported to develop only as a result
of injury (Fig. 13a, b).

An investigation carried out on Cedrus libani (Fahn, Werker & Ben-Zur, 1979) revealed that not only
wounds, but also exogenous auxin induce the formation of resin ducts in the secondary xylem of this plant.
Ducts were formed if the cambium was active within the period between auxin application and branch
removal. Ducts were also formed when cambial activity commenced during the period of the experiment,
even after a period of 3-4 months.

In Pinus, where duct formation occurs normally in the secondary body, wounding, pressure, exposure to
wind or the application of auxin causes an increase in the number of secondary resin ducts (Fahn & Zamski,
1970). It seems possible that the so-called normally occurring ducts in the secondary body of Pinus also
develop as a result of external stimuli, but their sensitivity threshold is much lower than that of Cedrus.

3. Gum ducts

Gum-duct formation is known to occur in many plants, e.g. in the Prunoideae, Brachychiton, Citrus, Acacia
species and many others. Different views have been expressed regarding the development of these ducts.
Gummosis in the Prunoideae, for instance, was considered by some authors to be primarily a response to
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Figure 13. Transverse sections of conifer secondary xylem; (a) Pinus halepensis. x40. (b) Cedrus libani. 1..
Barrel. D, resin duct. x 35.

injury or to pathogen attack (Ceruti & Scurti 1954a, b), while others suggested that it is a natural
phenomenon which is intensified by injury or pathogen infection (Grosclaude 1966; Morrison & Polito,
1985).

Gum ducts in Citrus trees develop in response to fungal and viral diseases. The well-known ‘brown rot’
gumosis of Citrus trees is caused by the fungus Phytophthora citrophthora (Sm. & Sm) Leon. When Citrus
trees were artificially infected with this fungus, gum ducts began to develop schizogenously in the cambium
(Fig. 8a). With the continuing activity of the cambium and differentiation of xylem, the gum ducts became
embedded in the latter (Fig. 8b) and the activity of the epithelial cells ceased. The cell wall of many epithelial
cells broke and the gum still present in the cells was released (Gedalovich & Fahn, 1985 a).

Another type of gummosis is the occlusion of vessels with gum-like material. This may occur in response
to physiological stresses arising from wounding or infection. The vascular occlusions in the roots of cassava
(Manihot esculenta Crantz) may develop in response to wounding, and appear to be intensified when roots
are stored at low humidity (Rickard & Gahan, 1983). In a number of plants, e.g. Dianthus caryophvllus L.,
Ulmus campestris 1.. and Ailanthus excelsa Roxb., it has been reported that the vascular occlusions develop
in response to infection by fungi (Catesson & Moreau, 1985; Shah & Babu, 1986).

In Dianthus it has been shown that as a result of infection, living cells in contact with vessels acquire
secretory functions. They secrete carbohydrates, glycoproteins and polyphenols into the damaged vessels
and occlude them. It has been suggested that the polysaccharides and the glycoproteins are secreted through
the Golgi apparatus and that the polyphenols are synthesized by the ER (Catesson ef al., 1976 ; Catesson &
Moreau, 1985).

In Ailanthus excelsa, according to Shah & Babu (1986), the vascular occlusions contain polysaccharides,
lipids, protein, phenolics, lignin and probably also pectins. All the inclusion components except lignin and
pectin were postulated, by these authors, to be produced by the cells in contact with vessels.

4. The effects of ethyvlene on duct formation

Experiments involving application of ethrel, 1-amino-cyclopropan-1-carboxvlic acid (ACC) and auxins to
branches of Citrus trees showed that these substances cause the formation of gum ducts in a manner similar
to that caused by the fungus Phytophthora citrophthora (Gedalovich & Fahn, 19855). Ethrel was found to
be the most effective substance. Ethrel (0:059%,) in water induced the formation of gum ducts of the same
length as those formed after infection with the fungus, that is 3-5 ¢m above and below the infected or treated
wound. When higher concentrations of ethrel were used, much longer gum ducts were formed (up to 15 cm).
The rate of cambial activity at the time of application affected the response of the branches to ethrel and to
a greater extent the response to auxin.
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Stem segments artificially infected with the fungus were found to release ethylene. As gum ducts were also
formed in response to ACC, which is a precursor of ethylene in higher plants and not in fungi, it appears
that the production of ethylene by the infected stem tissue is a factor which directly influences gum-duct
production in the Citrus trees.

Recently Yamamoto, Kozlowski & Wolter (1987) found that the flooding of Pinus halepensis seedlings
caused an increase in the formation of the longitudinal resin ducts in the secondary xylem, and that the
flooding also stimulated ethylene production by the immersed stems. Yamamoto & Kozlowski (1987 a)
reported that 19, ethrel also stimulated an increase in the number of resin ducts in the xylem of seedlings
of this species. In seedlings of Pinus densiflora Sieb. & Zucc., flooding did not induce the formation of resin
ducts, but ethrel did (Yamamoto & Kozlowski, 19875).

It should be mentioned that many effects previously considered to be induced directly by auxin are now
known to be a result of auxin-induced ethylene formation (Abeles, 1973; Jones & Kende, 1979; Yang et al.,
1980; Imaseki, Yoshii & Todaka, 1982). The effect of auxin on the formation of resin ducts in Pinus
halepensis observed by Fahn & Zamski (1970) and in Citrus by Gedalovich & Fahn (198556) may thus be a
result of uxin-induced ethylene formation.

VII. EVOLUTIONARY CONSIDERATIONS

Secretory structures have often been taken into consideration in taxonomic studies, relatively little attention
has been paid to the evolutionary aspects of these structures, though phylogenetic trends in the localization
of nectaries have been suggested by some authors.

1. Nectaries

The localization of nectaries in plants is of phylogenetic interest. Extrafloral nectaries occur not only in the
angiosperms but also in several genera of ferns e.g. Angiopteris, Cyathea, Hemitelia, Platycerium and
Pteridium (Bonnier, 1879; Darwin, 1877; Figdor, 1891; Dimmer, 1911). Frey-Wyssling (1933) expressed
the view that, in the course of evolution, the extrafloral nectaries preceded the floral nectaries. It has been
suggested that the sugar-containing droplets, exuded by the micropyle of flowers of the Gnetophyta, play
a role in pollination (Meeuse, 1978).

Floral nectaries in the angiosperms are found on a variety of the flower parts (Fahn, 1953, 1979 @) ranging
from the sepals to petals, stamens, the receptacle, ovary and style. On these organs they may be situated in
different places. Ovarial nectaries occur in some plants on the surface of the ovary (e.g. in Limnocharis)
whereas in others they are deeply sunk in the ovary (e.g. septal nectaries in many monocotyledons). Stylar
nectaries may occur at the base of the style (e.g. in species of Umbelliferae and Compositae), or on the stigma
(e.g. in Arum and Asclepias). Staminal nectaries may be present on the filaments (e.g. in Colchicum, Laurus
and Dianthus), or as appendages on connectives (e.g. in Viola).

Examination of the position of the nectaries in the flowers of the various families suggests the existence
of a phylogenetic trend whereby the nectary is shifted in a centri-acropetal direction, i.e. from the outer
towards the inner floral parts, and towards the upper regions of the gynoecium (Brown, 1938; Fahn, 1953;
Daumann, 1930, 1970; Kartashova, 1965; Smets, 1986). Recently, Magin (1983) suggested that in the
Umbelliferae there exist two main phylogenetic trends of nectary movement, as follows. (1) Centrifugal shift
to the axial part of the peripheral phyllomes and/or to the axial parts of the gamophyllous pedestal. (2) An
acrocentric shift to the upper dorsal parts of the style. The trichomatous nectaries, generally occurring
outside the androecium of some Cucurbitaceae species, were suggested by Vogel (1981) to have evolved as
a result of the contraction of the central part of the flower.

2. Resin ducts in the secondary xylem

In all conifers resin ducts are present in the primary tissues. However, in the Pinaceae they are also present
in the secondary tissues. In this family, as noted previously, plants of some genera produce resin ducts in the
secondary tissues without external stimuli, while in other genera the resin ducts are formed only in response
to external factors.

Penhallow (1907) considered the development of resin ducts in the secondary xylem of the Pinaceae as
specialization. He suggested that in the primitive condition parenchyma cells were scattered throughout the
secondary xylem. These cells then became aggregated, and resin cysts, such as those found in Abies and
Tsuga, were formed (see Fig. 13b). From cysts, resin ducts such as those occurring in Pinus were derived
(Fig. 13a).
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(c)

(d)

(b)

Figure 14. Diagram showing a possible evolutionary trend in the development of glandular trichomes
containing oil cavities in Dictamnus albus 1.. (a, b) and FEucalyptus citriodora (c, d).

Jain (1976) supported Penhallow’s view on the basis of a study of eastern Himalayan Pinaceae and from
data of other authors on fossil gymnosperm wood. According to these data no ducts were found in woods
from Carboniferous, Permian or T'riassic strata. The first vertical resin ducts were seen in coniferous woods
from the Mid Jurassic. In these fossil woods only a few resin ducts were observed in tangential series. In
a number of Protopiceoxylon forms of somewhat later age (Upper Jurassic and Lower Cretaceous) scattered
resin ducts were found in addition to those occurring in tangential series. Jain further stated that with the
exception of ‘the doubtful Pityoxylon eiggense’, pine-like woods have not been recognized in strata below the
lower Cretaceous. In Pityoxylon, too, the resin ducts are in tangential series, indicating therefore a possible
relation to Larix, Pseudotsuga and Picea. The fossil data thus indicate that the localization and restricted
distribution of resin ducts preceded the scattered and widely dispersed type, such as found in Pinus (Fig.
13 a). The vertical resin ducts of Cedrus, Abies, Tsuga and Pseudolarix, which develop in response to outer

stimuli, occur in tangential rows (Fig. 136).

3. Secretory trichomes

Denissova (1975) suggested a classification of terpenoid-secreting tissues according to their progressive
evolution. She distinguished four types of terpens-secreting tissue and deduced that they originally evolved
from unspecialized parenchyma cells. These types are: (1) endogenous secretory tissues with intracellular
accumulation of secreted material; (2) schizogenous endogenous secretory tissues with extracellular
accumulation of secreted material; (3) secretory tissues with a schizo-lysigenous lumen; (4) exogenous
glandular structures (glandular trichomes). The latter type was regarded as the most recently evolved.

In the various organs of many pteridophytes are secretory ducts, which usually secrete mucilage or gums.
In some pteridophytes the terminal cells of hairs may become glandular (Ogura, 1972). In the rhizome and
leaf bases of Dryopteris species, glandular hairs occur in intercellular spaces. These hairs secrete
phloroglucinol derivatives (Huurre, Huhtikagas & Widen, 1979). Similar hairs occur also on the epidermis
of the rhizome. It is of interest to mention that in Dryopteris Sfragrans (L.) Schott, the inner glandular hairs
are sparse but the rhizome epidermis is densely covered by a glandular tomentum (Widen & Britton, 1969).

In contrast to resin ducts, glandular hairs are rare in conifers and have been reported only on juvenile
leaves of Pinus cembra 1.. and P. lambertiana Dougl. (Napp-Zinn, 1966).

In the dicotyledons all types of secretory tissues are very common, including glandular trichomes.
However, the latter do not occur in most of the woody Ranales.

In some dicotyledonous families, e.g. in the Myrtaceae and Rutaceae, oil cavities occur in the cortex of the
stems and in the leaves. In Eucalyptus citriodora Hook and E. torellina F.v. M. (Farooqui, 1979-80) and
Dictamnus albus 1., trichomes that include oil cavities are present. Brocheriou (1976) suggested that the oil-
cavity-bearing emergences on young leaves of Eucalyptus citriodora preceded, in evolution, the oil cavities
occurring within the leaves. Denissova (1976) expressed an opposing view regarding the evolution of the oil-
cavity-bearing trichomes. She suggested that the Dictamnus glands developed from oil cavities within the
organs of the Rutaceae. I am inclined to accept Denissova's view in relation to the emergences in Eucalyptus
citriodora (Fig. 14).

Trichome nectaries also appear to be more advanced structures than those in which the bulk of the
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Figure 15. Scanning electron micrograph of a branched trichome on a leaf of Phlomis viscossa Poir. At the end
of one of its branches there is a glandular head. x 110.

secretory cells occur below the epidermis, and where the nectar is secreted through stomata or lysogenous
cavities.

It has been suggested that the glandular trichomes of a number of plant species developed phylogenetically
from non-glandular trichomes Fedorowicz, in Uphof, 1962; Fahn & Shimony, 1977; Fahn, 1979a). In
Avicennia marina (Forskal) Vierh., glandular and non-glandular trichomes are present. Both types of
trichome are initiated and develop similarly up to the stage of a three-celled primordium. From this stage,
differences between the two types begin to appear (Fahn & Shimony, 1977). The non-glandular trichomes
of Avicennia species vary in the number of cells, from 3 to 5; in the glandular trichomes of A. marina there
are 11-17. It has therefore been suggested that the phylogenetic sequence was from very few-celled to
several-celled non-glandular trichomes and then to glandular trichomes.

In some species of the Labiatae (e.g. Phlomis spp. and Rosmarinus officinalis 1..) there occur both branched
non-glandular trichomes and similar trichomes in which one of the branches carries a glandular head (Fig.
15) (Azizia & Cutler, 1982; Werker, Ravid & Putiersky, 1985a).

In summary, the following trends in the evolution of the secretory tissues are suggested: (1) During the
course of evolution secretory tissues first developed inside plant organs. (2) In the primitive conditions only
secretory idioblasts or groups of such cells were scattered among the cells of the ordinary tissues. (3) Later,
secretory ducts and cavities developed. (4) The glandular trichomes are the most recently evolved secretory
structures.
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