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Summary

The extrafloral nectary of Acacia terminalis is of the flat type and is
located on the adaxial surface of the petiole of the bipinnate leaf. The
secretory area is restricted to the base of the trough and no gaps or
pores were detected by staining with vital dyes. Between the vascular
bundles beneath the nectary and the surface cuticle there were three
cell types. The cells of the flanking zone adjacent to the vascular
bundles did not appear to be producing secretion whereas the cells of
the glandular and secretory zones were secreting., The cells of the
glandular zone were elongated whereas those of the surface secretory
zone were spherical. Both had endoplasmic reticulum and Golgi
bodies with secretory vesicles which were observed in close as-
sociation with the plasmalemma. Secretion accumulated in the
intercellular spaces of the glandular zone cells and forced the cells of
the secretory zone apart. Symplastic contact was maintained in all cell
types by plasmodesmata which were often associated with endo-
plasmic reticulum. Secretion accumulated beneath the cuticle which
was distended but remained intact on the surface of the secretion.

Keywords: Acacia terminalis; Extrafloral nectary; Histochemistry;,
Secretion; Ultrastructure.

1. Introduction

The extrafloral nectary of Acacia terminalis (Salisb.)
MacBride (Leguminosae, Mimosoideae) is situated on
the petiole of the bipinnate leaf and can be up to 12 mm
in length. BoucHTton (1981), in an extensive survey of
Australian phyllodineous acacias, described three types
of nectaries. Porate nectaries were found in 30 of the 43
species studied and had a deep depression with secre-
tory tissues at the base of the pore. Non-porate
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nectaries were less common and had no depression,
whereas the flat nectary, intermediate in morphology
between the porate and non-porate nectaries was found
in one phyllodincous species only, 4. macradenia. The
extrafloral nectary of 4. rerminalis is of the flat type and
appears to be unusually large among bipinnate species.
It has an unusual role as an attractant and food source
for some of the local native avian population (KeENrICK
et al. 1982, KNox et al. 1985). Studies have shown that
there is a significant increase in nectar production
during the period of maximum flowering, a pheno-
menon first observed in acacias by ZIMMERMAN (1932).
In physiological tests performed in the field the nec-
taries showed a specific diurnal pattern of secretion
(KNox er al. 1985). Maximum glandular activity occur-
red between the predawn hours until midmorning
irrespective of ambient temperature and humidity.
There is very little information on the breeding system
of the genus Acacia, which is important for timber
production, ornamental horticulture and essential oil
production. This study of the extrafloral nectaries is
part of a wider programme on the reproductive biology
of Australian acacias which includes their modes of
pollination and fertilization. A4. terminalis is self-
incompatible (Kenrick er al. 1984) and cross-
pollination is essential for seed setting. The extrafloral
nectaries appear to be an adaptation for bird pollina-
tion, and in this paper we present an account of their
anatomy, histochemistry and ultrastructure in order to
investigate the pathway and mechanism of nectar
secretion.
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2. Materials and Methods

Fresh plant material of A. terminalis for all experiments was collected
from small trees, 1-2 years old, growing in a glasshouse. The trees
form part of the progeny from breeding experiments near FErica,
Victoria in 1982 (KENRICK er al. 1984). The average length of the
nectaries on our experimental specimens was 3 mm. Actively secret-
ing nectaries were selected in the morning, during the period of
maximum secretion. The inactive nectaries selected had not secreted
for a few days.

2.1. Vital Staining for Cuticle Permeability

Solutions of 1% aqueous neutral red (JOEL and JUNIPER 1982), 1%
methylene blue (JOEL et al. 1983), and 1% toluidine blue O, the latter
two buffered to neutrality with 0.01 M Tris-HCI, were added as drops
to both active and inactive nectaries whilst attached to the plant. The
nectaries were rinsed briefly in water to remove excess stain then
examined under a dissecting microscope. Observations were made
after2, 15, 60, and 120 minutes contact with the stain. The experiment
was performed in the morning to coincide with maximum glandular
activity (KNOX ef al. 1985). The above procedure was repeated with
the wetting agent “Tween 20" added to the dyes to give final
concentrations of 0.1, 0.4, and 1%.

Petioles with active and inactive nectaries were excised 2 cm below the
extrafloral nectary and immediately immersed in vials containing the
vital dyes. The nectaries were observed hourly for 5 hours for signs of
dye uptake and secretion.

2.2. Light Microscopy

Active nectaries were transversely cut and fixed in FAA (formalin-
Jacetic acid/alcohol) for 24 hours at 0~4°C with two changes of
fixative (O’BrieN and McCutLLy 1981). The tissue was then de-
hydrated in alcohols and infiltrated, and embedded in glycol
methacrylate (GMA). Serial sections 2.5 um thick were collected onto
glass slides from which sections were then selected to represent
glandular and non-glandular tissue and stained with periodic acid-
Schiff’'s reagent (PAS) and toluidine blue O (TBO), Coomassie
brilliant blue (F1SHER 1968), Sudan IT1 & IV (O’BrIEN and McCuLLy
1981) and Sudan black B (BRONNER 1975), for bright field micros-
copy. Calcofluor and Auramine O (HESLOP-HARRISON 1977) were
applied to sections and examined by fluorescence microscopy.

2.3. Scanning Electron Microscopy (SEM)

Active and inactive nectaries were excised from the leaf petiole and
attached to aluminium stubs by silver dag adhesive. They were
observed uncoated at 10kV in a Siemens ETEC autoscan SEM.
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2.4. Transmission Electron Microscopy (TEM )

Active nectaries were cut from the plant in a pool of ice cold freshly
prepared fixative which consisted of 4% glutaraldehyde, 4% para-
formaldehyde (modified from KARNOVSKY 1965), 10% sucrose, 1%
caffeine (MUELLER and GREENWOOD 1978) in 0.025M phosphate
buffer pH 7.2. Caffeine was included in the fixative as problems were
encountered in the preservation of the tissue due to the presence of
tannins. The petiole was almost completely removed from the base of
the gland which was then cut transversely with consecutive sections
placed int separate vials. Fixation proceeded on ice for 24 hours with
fixative changed after 30 minutes, 1.5, 4, and 7 hours. The tissue was
post-fixed with 1% osmium tetroxide on ice for 3 hours then for a
further 1 hour at room temperature. Tissue was routinely dehydrated
through an ethanol series followed by infiltration of Araldite with
continuous rotation. The nectaries were then flat embedded in
moulds and polymerized at 60 °C for 2 days.

Silver sections were cut with glass knives using a Reichert-Jung OM 2
microtome and mounted on collodion-coated mesh grids. Standard
staining procedures were performed using uranyl acetate and lead
citrate (REYNOLDS 1963). Sections were observed at 80kV in a
Phillips EM 400.

3. Results
3.1. Morphology

The extrafloral nectaries of A. terminalis occur singly
on the adaxial surface of the petiole (Fig. 1). There are 4
ridges running longitudinally along the petioles and
these are an important taxonomic feature in identifying
this species. The nectary is an extension of the upper
petiolar ridge. A buttress of cells rises from the ridge to
form a trough shaped nectary (Figs.2, 3, and 5). This
shape enables the nectary to hold the copious quantities
of secretion (Fig. 3), and the end of the trough distal to
the leaflets is wider to facilitate this function. Secretion
is diurnal, occurring during early morning hours. The
sides of the nectary trough are highly pigmented and
covered with a smooth cuticle (Fig. 2), whereas the base
of the trough has a highly convoluted cuticle (Fig. 4).
No stomata, ruptures or pores were seen in the trough
area of the secreting or non-secreting nectaries
examined.

Fig. 1. Part of a bipinnate leaf from a mature tree of 4. terminalis showing the position of the extrafloral nectary on the petiolar ridge (r) relative to
the pinnae. Transverse sections through areas a, b, ¢ correspond to the cell arrangements illustrated in Figs. 6 and 7 (5 and 8) respectively. Bar

represents 1 mm

Fig. 2. SEM of a nonsecreting extrafloral nectary. Bar represents 100 um

Fig. 3. SEM of a secreting extrafloral nectary with a drop of nectar (s) which is somewhat collapsed under the electron beam. Bar represents

100 pm

Fig. 4. SEM of the internal surface of the nectary trough. The base of the trough (x) has a very convoluted cuticle while the cuticle on the sides of

the trough () is relatively smooth. Bar represents 10 pm
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3.2. Vital Staining Characteristics

There was no vital staining of the nectary cells. Where
stomates occurred on the petiole around the nectary the
underlying cells were stained. With cut and immersed
petioles, dye was taken up by the vascular tissue of the
active but not of the inactive glands and transported to
the nectary when experiments were carried out during
the morning. When the faintly stained nectar was
drawn off, the whole base of the gland but not the sides
of the trough had taken up the stains, Toluidine blue O
and methylene blue. The results with neutral red were
difficult to interpret due to the red pigment of the
nectary tissue. The staining results were similar with or
without the detergent “Tween 207,

3.3. Anatomy

There are 3 distinct regions in the nectary (Fig. 1). A
buttress is present at either end of the nectary (Fig. 1 a)
which is an extension of the upper petiolar ridge that
has differentiated into a plateau of cells (Fig. 6). In this
area three major vascular bundles have branched from
the adjoining petiolar vascular tissue (Fig. 5) each with
an external cap of pericycle tissue. The vascular tissue
also shows occasional branching into the region closer
to the upper surface. The cortical cells surrounding the
vascular bundle abut quadrate epidermal cells with
occasional stomata (Fig. 6). At the edge of the trough
(Fig. 1b), the circle of vascular tissue has branched
further, becoming crescent-shaped to accommodate a
layer of cells which surround a cylinder of densely-
staining glandular tissue (Fig.7). This layer of poly-
morphic cells is termed the flanking zone as the cells are
not thick-walled or suberized (BoucnToN 1981).
Loosening of the epidermal cells has occurred (appar-
ently by dissolution of the middle lamella) accom-
panied by an increase in the number of these cells
containing tannins, phenols and pigment. In the middle
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of the nectary the trough becomes much deeper and
wider (Fig.1c¢). The surface secretory tissue, which
occurs only at the base of the trough, consists of
irregularly-shaped epidermal and hypodermal cells
with large intercellular spaces (Fig.8). The glandular
tissue beneath consists of elongated cells with the long
axis perpendicular to the nectary surface (Fig.10).
Transitional cells of the flanking zone separate the
glandular cells from the large crescent of vascular
tissue, which is continuous along the length of the
groove of the gland. The cuticle is pushed up from the
epidermal cells by the secretion but no ruptures in the
cuticle are observed (Figs. 10 and 11).

3.4. Histochemistry

Histochemical analysis (Tab. 1) of the extrafloral nec-
tary showed that the cuticle, stained by lipid stains
Sudan IIT and 1V, Sudan black B and Auramine O is
continuous except at stomata which occur only on the
petiole (Figs.9 and 11). Phenolics, protein, car-
bohydrate and lipid were present in the extracellular
secretion. A protein layer was present exiernal to the
cuticle and has been termed the epicuticular layer.

3.5. Ultrastructure

There are three cell types bounded by a cuticle in the
area between the base of the trough and the crescent of
vascular tissue (Fig.10). These cell types are the
flanking zone, the glandular zone and the secretory
zone. Features common to all three cell types are
numerous mitochondria with well developed cristae, a
large number of ribosomes in the cytoplasm, large
nuclel and abundant plasmodesmata. The cells of the
flanking zone are round, parenchymatous with electron
dense middle lamella and no intercellular spaces
(Fig. 12). Other distinctive features of these cells are the
small vacuoles, short cisternae of endoplasmic re-

Figs. 5-9. Light micrographs of transverse sections of extrafloral nectaries of A. terminalis

Fig. 5. Section through the extrafloral nectary (1) and petiole (p) at point ¢ in Fig. 1 stained with PAS/TBO. vb vascular bundles. Bar represents

100 pm

Fig. 6. Section through the extrafloral nectary at point ain Fig, 1 stained with PAS/TBO and showing vascular bundles (vb), cortex (c), epidermis

(e) and stomata (sz). Bar represents 100 pm

Fig. 7. Section through the extrafloral nectary at point b in Fig. 1 stained with PAS/TBO showing glandular cells (gc), flanking zone {fz) and

vascular bundles (vb). Bar represents 100 pm

Fig. 8. Section through the extrafloral nectary at point ¢ in Fig. 1 stained with PAS/TBO showing flanking zone (fz), glandular cells (g¢) and
surface secretory cells (sc) which line the completely formed trough. Bar represents 100 pm

Fig. 9. Sudan black B staining lipid polymers and cuticle (cu). The stain shows that these compounds are not localized on the surface but penetrate
between the cells with up to 3 layers deep at the base of the trough. Bar represents 100 pm
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Table 1. Histochemistry of the secretory system of the extrafloral nectary of Acacia terminalis

Stain Specificity Site
Epicuticular layer Cuticle  Secretion Vacuoles of secretory cells

Lipid
Auramine O cuticle, lipids — + 4+ + +++ —
Sudan black B cuticle, lipids — ++ + +++ —
Sudan Il & IV cuticle, lipids — +++ +++ —
Protein
Coomassie brilliant blue protein + + — + —
Polysaccharides and phenolics
Toluidine blue O acidic polyanions, — — +P +G

phenolics and polysaccharides
Periodic acid-Schiff’s reagent  carbohydrates with vicinal glycol — — + —

groups

G, green denotes acidic polyanions and phenolics. P, purple denotes polysaccharides. — no staining. + weak staining. + + moderate staining.

+ + + strong staining.

ticulum (ER) and relatively few plastids. The elongated
cells of the glandular tissue have small intercellular
spaces which contain a granular secretion (Fig. 13). The
cell walls are irregularly thickened and plasmodesmata,
often associated with rough endoplasmic reticulum
(RER), are present in thin areas of the wall (Fig. 14).
The cytoplasm contains stacked RER (Fig. 13), tannin-
containing vacuoles, and plastids containing ferritin.
ER and Golgi with secretory vesicles are present in close
association with the plasmalemma of cells of both the
glandular and secretory zones (Fig. 14). The surface
secretory cells have large vacuoles, some of which
contain tannin (Fig. 17), and ferritin is present in the
plastids (Fig. 16). Apparently active Golgi bodies and
associated vesicles are present in the cells (Fig. 16).
There are large intercellular spaces formed by ac-
cumulation of surface secretion between adjacent cells
(Figs. 15 and 17). The cytoplasmic connection is main-
tained in the non-thickened areas of cell wall by
plasmodesmata, ER and RER (Fig. 15).

The cuticle in the trough of the nectary is apparently
continuous, without any detectable ruptures. The cu-
ticle is forced up from the epidermal cell walls at the
base of the trough under the positive pressure of the
secretion to form a subcuticular space (Fig. 18). In the
subcuticular space the secretion is floccular, fibrillar
and/or granular in appearance (Figs. 17 and 18).

4. Discussion

The extrafloral nectary of A. terminalis is an elongated
trough-like structure in which the raised rim is com-
posed of parenchyma cells. The secretory tissue is
confined to and underlies the cavity of the trough in
which the secretory material accumulates. The nectary
tissue is subtended by vascular traces from which sugar
probably enters the tissue of the flanking zone. The
glandular and secretory tissues extend from the flank-
ing zone to the overlying cuticle which coats, con-
tinuously, the sunken exterior surface of the trough.

Fig. 10. PAS/TBO stained semithin section showing the lifted cuticle and subcuticular space filled with faintly staining secretion (), and the cells
of the surface secretory (sc), glandular (ge) and flanking zones (fz). Bar represents 10 pm

Fig. 11. Auramine O staining a neighbouring section to that shown in Fig. 10 showing the secretion is bound by an unbroken cuticle (cu) with
cuticle and lipid polymers in the intercellular spaces. Bar represents 10 um

Fig. 12. Electron micrograph (EM) of cells of the flanking zone showing endoplasmic reticulum (er), vacuole (v) and middle lamellae (/). Bar

represents 1 yum

Fig. 13. EM of glandular cells showing secretion in the intercellular spaces (is), stacked rough endoplasmic reticulum (rer), and ferritin (f) in the

plastids. Bar represents 1 pm



ROBYN MARGINSON ef al.: Extrafloral Nectary of Acacia terminalis 27

Figs. 10-13



Fig. 14. EM of glandular cells showing rough endoplasmic reticulum (rer) and Golgi bodies {g) associated with plasmodesmata (pd). Bar
represents [ pum

Fig. 15. EM of secretory cell showing plasmodesmata (pd) and secretion (s). Bar represents 1 pm
Fig. 16. EM of secretory cell showing Golgi cisternae (g) and associated vesicles, and ferritin (f) granules in the plastid. Bar represents 0.1 pm

Fig. 17. EM of surface secretory cells with granular and floccular secretion (s) filling intercellular and subcuticular spaces. Tannin (r) vacuoles are
a prominent feature of these cells. Bar represents 1 um

Fig. 18. EM of secretory cell showing accumulation of fibrillar and granular secretion (s) in the subcuticular space which occurs in the base of the
nectary trough. Granular substance accumulates in the periplasmic space (arrowed). Bar represents | pm
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The inner tightly packed cells of the flanking zone lack
intercellular spaces, which become more apparent
toward the outer surface where an extensive inter-
cellular network occurs. Accumulation of secretory
product primarily in this outer intercellular network
between the epidermal and subepidermal cells suggests
that these cells are involved in secretion of some of the
nectar components.: However, all cells are richly inter-
connected by plasmodesmata which indicated that the
primary passageway for the movement of assimilates to
the surface secretory cells is via the symplast.

The suggestion that the epidermal and subepidermal
cells are primarily involved in the secretion of the nectar
is also supported by ultrastructural observations. It isin
these cells that Golgi, secretory vesicles and ER as-
sociated with the plasmalemma are predominantly
observed. This suggests that granulocrine secretion
may be involved in the transfer of secretion to the
intercellular location. Such a system has been proposed
for nectaries of Tropaeolum (RacaMiLEviTz and FanN
1973) and Musa (Fann and BenouaicHe 1979). The
secretion has a granular appearance, but no intra-
cellular accumulation of similar components was ob-
served. This suggests that eccrine secretion (molecular
transport across the plasmalemma) is also occurring.
The histochemical evidence shows that the secretion
contains protein and carbohydrate. The nature of the
proteins and carbohydrates is not known as the
appropriate analysis has not been undertaken. Nectar
analysis performed on this species (KNox et al. 1985)
detected 18 amino acids, with phenylalanine and glu-
tamine predominant. Samples contained a mean of
16% sugars comprising sucrose, fructose, and glucose.
The source of the sugar is through the phloem of the
branched vascular traces that cradle the glandular and
secretory cells (Frey-WyssLing 1955). The exact
method of sugar transport has not been elucidated to
date though many hypotheses including eccrine secre-
tion have been proposed (DURKEE 1983).

The cells located at the surface of the secretory layer are
covered by a cuticle. The contents of the intercellular
spaces also stained positively for lipids. This material
may be involved in turnover of the cuticle, particularly
during active secretion when the cuticle is separated
from the secretory cells to form the subcuticular space.
This pattern has also been described in leaf cuticles of
Euphorbia (BARTHLOTT and WOLLENWEBER 1981) and
the stigma cuticle of Amyema (BERNHARDT and KNox
1983). Such structures have not previously been de-
scribed for other types of extrafloral nectaries. The
distended appearance of the cuticle suggests that with
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an increasing accumulation of secretory material in the
intercellular spaces, a pressure develops resulting in this
deformation. We also suggest that backflow may be
restricted by the dense and closely packed walls of the
inner flanking layer. Evidence from scanning and
transmission electron microscopy, light and flu-
orescence microscopy, and the application of vital dyes
all confirm that the surface cuticle remains intact
during active secretion. The cuticle does not rupture or
possess channels or pores. This was also noted by
BouGHToN (1981) from light microscopy studies of a
number of Acacia species. Lipid is present in the nectar
as long chain wax esters (T. Douglas, personal commu-
nication, 1984). This suggests that the cuticle is in a soft
fluid state which does not form a hard protective barrier
like the cuticle on other parts of the plant. It is likely
that the fluid cuticle is removed by foragers along with
the rest of the nectar.

In conclusion, symplastic continuity appears to have a
very important role in the extrafloral nectaries of this
species. The continuous cell to cell contact may allow
the passage and concentration of nectar constituents
from the vascular traces through the 10 cell layers to the
looscly arranged epidermal cells. The nectar compo-
nents may then be transported outside the cell by both
eccrine and granulocrine processes and accumulate in
the subcuticular space. It appears likely that the whole
nectar drop including fluid cuticle, is removed from the
extrafloral nectary by the birds and insects which feed
on the nectar.
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