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Abstract 
Light and transmission electron microscopy were used to describe the leaf cavity 

pore of Azolla. The morphological analysis of the pore revealed that it remains open 
during leaf development as well as in mature leaves. As it seems that there is no 
obstruction of the pore by any mucilage, gas exchanges between the atmosphere and 
the inner gaseous compartment of the leaf cavity are likely to occur. The pore, which 
is cone-shaped and protrudes into the leaf cavity, is limited by two epidermal cell 
layers. The cells lining the inside of the pore become teat-shaped during pore 
morphogenesis. Ultrastructural study of these cells showed the presence of a large 
number of organelles, paramural bodies and 'wart-like' projections at their cell wall 
surface, suggesting a secretory role. Cytochemical stains showed that these 
projections are made up of pectin, callose and protein. The role of the pore as well 
as the possible functions of the teat-cells and their projections are discussed. 
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1. Introduction 

The small aquatic fern Azolla realizes a symbiosis with a nitrogen-fixing 
cyanobacterium initially described as Anabaena azollae Strasb. (Strasburger, 
1873) even if some authors classify it among genus Nostoc (e.g. Meeks et al., 
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Figure 1. A. Schematic representation of the Azolla upper leaf lobe showing the different 
epidermis and the pore region. B. Schematic representation of the Azolla leaf 
cavity pore based on longitudinal and cross sections as in Figs. 3 and 4. Upper 
diagram: longitudinal axial section of a typical pore. Lower diagram: cross 
section of the pore along the A-A' axis drawn on the upper diagram. Double 
arrow indicates the mean diameter of a pore, as measured in the present study. 
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Figure 2. Longitudinal axial section of the mature upper leaf lobe showing the leaf cavity 
(C) with the Anabaena (A), and the cavity pore (arrow). The different epidermis 
are indicated: the abaxial epidermis (arrowhead), the inner epidermis (double 
arrowhead) and the adaxial epidermis (triple arrowhead). Bar = 50 µm. Light 
micrograph. 

1988) or genus Trichormus (e.g. Komarek and Anagnostidis, 1989). The Azolla 
leaves are bilobed: a thin and nearly achlorophyllous lower lobe rests on the 
water surface (Strasburger, 1873) while the aerial chlorophyllous upper lobe 
(Fig. lA) contains a cavity lined by an inner epidermis (Konar and Kapoor, 
1972). Anabaena as well as different bacteria, some probably belonging to the 
genus Arthrobacter (Nierzwicki-Bauer and Aulfinger, 1991), are confined to 
the cavity and localized at its periphery within a mucilaginous matrix 
(Schaede, 1947) surrounding a gaseous central region (Peters and Meeks, 1989; 
Uheda et al., 1995). At the adaxial surface, the leaf cavity is separated from 
the outside by a velum, consisting of a double layer of epidermal cells, 
presenting a small pore (Strasburger, 1873). 
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Figures 3-4. Longitudinal (Fig. 3) and cross sections (Fig. 4) through the mature pore 
showing the teat-cells. Fig. 3 shows superficial teat-cells (arrowhead) 
which are larger in volume than other teat-cells. Bar = 50 urn. Light 
micrographs. 

This pore has repeatedly been mentioned in literature. Strasburger (1873) 
and Demalsy (1953), working respectively on mature leaves of A. filiculoides 
and A. nilotica, described an open leaf cavity pore. An open pore was also 
reported in the ontogenetical studies of Rao (1935) and Konar and Kapoor 
(1972) on A. pinnata. In contrast, several works described a closure of the pore 
at the end of leaf ontogenesis in A. filiculoides (Smith, 1955) and A. 
caroliniana (Peters et al., 1978), resulting in the imprisonment of Anabaena 
within the cavity. In 1981, the closure of the cavity pore in A. caroliniana was 
again indicated by Calvert and Peters, and more recently, Becking (1987), 
working on A. Jiliculoides, supported the report of Smith (1955). 
The question as to whether the leaf cavity pore of Azolla remains open or 

not is still unsolved. This does not seem to be due to structural differences 
existing between Azolla species since, depending on authors, the pore of A. 
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Figure 5. Longitudinal section through a fully differentiated pore showing the orientation 
of the teat-cells towards the pore axis and the outside of the cavity (*) as well as 
the complexity of the pore. Bar = 50 µm. Light micrograph. 

Figure 6. Longitudinal axial section of an upper foliar primordium (developmental stage 
intermediate between the two developing leaves shown in Fig. 7). The margins 
of the bi-layered fold limiting the developing cavity are indicated with 
arrowheads. Bar = 20 µm. Light micrograph. 
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Figure 7. Longitudinal axial section of developing upper leaf lobes. The upper foliar 
primordium on the right shows the very first formation stage of the concentric 
bi-layered fold arising from the meristematic epidermal cells of the adaxial 
surface (arrowheads). The very young upper leaf lobe on the left shows the 
invagination of the fold borders (double arrowheads). Bar = 20 µm. Light 
micrograph. 

Figure 8. Tangential cross section through a pore showing the radial files of cells 
(arrows) which have arisen from divisions of the meristematic cells limiting the 
developing pore (same developmental stage as shown in Fig. 9). Bar= 50 µm. 
Light micrograph. 
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Figures 9-11. Leaf cavity pores observed on fresh leaves at different stages of 
development: very young (Fig. 9), young (Fig. 10) and mature leaf (Fig. 11) 
showing the lumen (LU). Bar= 50 µm. Light micrographs. 

filiculoides was viewed as open (Strasburger, 1873) or closed (Smith, 1955; 
Becking, 1987). Knowing if the pore is actually open in mature leaves of Azolla 
is however essential to determine whether the symbionts are in direct contact 
with the external environment. If it is the case, the question of how possible 
exchanges may be controlled through the pore has to be addressed. This 
information will undoubtedly contribute in improving our understanding of the 
symbiosis. 
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Figure 12. Longitudinal axial section through a teat-cell. The cell is highly vacuolated 
and the nucleus (N) has a median position. Bar = 10 µm. Transmission electron 
micrograph. 

The aim of the present study was to describe precisely the morphology and 
the ontogenesis of the pore; this has been carried out for three 
phylogenetically distant Azolla species (Van Coppenolle et al., 1993) 
including A. filiculoides for which contradictory reports exist in the literature. 
Using morphological and cytochemical methods, this paper also contributes in 
bringing first insights on the possible role of the pore within the symbiosis. 
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Figure 13. Cytoplasmic portion of a teat-cell with a Golgi apparatus located near the cell 
wall (CW). Secretion vesicles are visible (arrows). Note the presence of 
dilated Golgi cistemae (arrowheads) with an electron transparent content 
that seems to be limited by a double membrane. Bar = 100 nm. Transmission 
electron micrograph. 

2. Materials and Methods 

Plant material 

Three Azolla species were used. Two strains were from the collection of the 
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Figure 14. Secretion vesicles (arrowheads) in close contact with the plasmalemma. A 
vesicle (double arrowhead) that may be fusing with the plasmalemrna is also 
visible (cell wall= CW). Bar= 100 nm. Transmission electron micrograph. 

Laboratory of Plant Biology, Catholic University of Louvain: A. filiculoides 
(ADUL-173FI) and A. pinnata var. pinnata (ADUL-136PP) (Van Hove et al., 
1987). Culture conditions were as described by Van Hove et al. (1987). In 
addition, permanent preparations of A. nilotica made by Demalsy (1953) were 
also observed. 

Light microscopy (LM) 

Fronds were fixed in 70% ethanol for 24 h, then in 80% ethanol for 6-8 h and 
embedded in a hydroxyethylmethacrylate resin (Technovit 7100, Kulzer, 
Germany). Sections of 3-6 µm were cut with a glass knife. In addition semi­ 
thin sections of 2 µm were obtained from fronds prepared for transmission 
electron microscopy (see below). These sections were cut with a diamond knife. 
All the sections were stained with 0.1 % Toluidine blue in 1 % Na2B407. The 
sections were mounted .in immersion oil. 

Freshly excised upper leaf lobes were also directly observed using a bright 
field light microscope. They were placed on their dorsal face on a piece of wet 
filter paper so that their adaxial face, showing the pore region, was readily 
observable. 

Observations were made using a light microscope Polyvar (Reichert-Jung). 
Micrographs were recorded on Kodak T-MAX 100 (Iso 100/21 °) and Ektachrome 
64T (Iso 64/19°) films. 
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Figure 15. Convoluted membrane accumulations. Such structures are often observed in the 
vacuole close to the tonoplast of the teat-cells. Their origin could be explained 
by the transfer of excess membranes to the vacuole by means of 
plasmalemmasomes (Fig. 16). Bar= 200 nm. Transmission electron micrograph. 

Figure 16. Plasmalemmasome protruding into the vacuole of a teat-cell. Bar = 100 nm. 
Transmission electron micrograph. 

Transmission electron microscopy (TEM) 

Two fixation procedures were used in this study: (i) a double fixation with 
glutaraldehyde-osmium tetroxide and (ii) a combined glutaraldehyde­ 
paraformaldehyde-osmium tetroxide fixation. Procedure (i) was carried out 
essentially as described by Roland and Vian (1991). Azolla fronds were 
prefixed for 48 hat 4°C in a solution of 2.5% glutaraldehyde and 5 mM CaC12 in 
0.05 M cacodylate buffer (pH 6.8). Fixation procedure (ii) was modified from 
Calvert et al. (1985) and Roland and Vian (1991) as follows: fronds were 
prefixed for 2 h at 20°C in a solution of 2.5% glutaraldehyde, 3.7% 
paraformaldehyde in the same buffer as used in procedure (i). Samples from 
both fixation procedures were postfixed for 30 min at 0°C in 2% Os04 in 0.1 M 
cacodylate buffer (pH 7.2). 

The samples were dehydrated in a graded ethanol series and embedded in a 
low viscosity resin (Spurr, 1969). Resin blocks were trimmed and sectioned 
with a diamond knife. Ultra-thin sections of 70-90 nm were mounted on 300- 
mesh HH copper grids -and stained using 2% uranyl acetate for 3 min followed 
by lead citrate for 3 min (Reynolds, 1963). Sections were observed using a 
Philips EM 301 transmission electron microscope operating at 60 kV. Electron 
micrographs were recorded on Kodak 4489 ESTAR Thick Base electron 
microscope film. 
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Figure 17. Paramural body containing vesicles (arrows) filled with electron dense 
material in the periplasm next to the cell wall (CW). Bar = 100 nm. 
Transmission electron micrograph. 

Figure 18. Two types of membranous structures observed in the periplasmic region of 
teat-cells. A multivesicular body (arrowhead) and a paramural body (double 
arrowhead) are indicated. Bar = 200 nm. Transmission electron micrograph. 

Cytochemical stainings 

Aqueous Ruthenium Red (1 % w /v) for pectin (Jensen, 1962) was applied to 
Technovit 7100 embedded sections. Hydroxylamine/ferric chloride for 
esterified pectin (Reeve, 1959) was applied to fronds fixed in 70% ethanol. 
Alcian blue for acidic polysaccharides was applied as described by Jeffree et 
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Figure 19. Paramural body with elongated and flattened vesicles (arrows) in the 
periplasm. Such structures are frequently observed in the often enlarged 
portion of the periplasm at the basal part of teat-cells. Bar = 200 nm. 
Transmission electron micrograph. 

Figure 20. Lomasomes (arrowheads) embedded in cell wall (CW) material. The 
uppermost structure in the figure shows the membrane that still limits it. Bar = 
100 nm. Transmission electron micrograph. 

al. (1989) to fronds macerated in EDTA (Letham, 1960). The metachromatic 
dye Toluidine blue for acidic polysaccharides was applied to sections (see 
above). Calcofluor white (0.01% w/v) for cellulose, and aniline blue (0.1% w/v 
of water soluble aniline blue, pH adjusted to 9 with 30% NH40H) for callose 
were applied to fresh and EDTA-macerated leaves and viewed by fluorescence 
under UV excitation (A = 365 nm). Aqueous resorcine blue (0.01 % w /v) for 
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Figure 21. Differentiated teat-cell presenting cell wall projections (arrowheads) on its 
surface. Note that it is an oblique section through the basal halfpart of a teat­ 
cell. Bar = 1 µm. Transmission electron micrograph. 

Figure 22. Cell wall projection on the surface of a teat-cell. Note the thickened cell wall 
at the base of the projection (arrowhead). Bar= 1 µm. Transmission electron 
micrograph. 
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Figure 23. Cell wall projection (arrowhead) on the surface of a teat-cell stained by 
Ruthenium Red. Bar= 10 µm. Light micrograph. 

Figure 24. Cell wall projection (arrowhead) stained by Toluidine blue. Bar = 10 µm. 
Light micrograph. 

callose was applied to fresh leaves. Phosphine 3R (Popper, 1944) and Sudan 
Black B (Jensen, 1962) for lipids were used respectively· on fresh and ethanol 
fixed fronds. Phosphine 3R preparations were observed by fluorescence (A. = 365 
nm) under blue excitation. Coomassie Brilliant Blue R for protein (Fisher, 
1968) was applied to Technovit 7100 embedded sections and EDTA-macerated 
leaves. Unstained preparations were also observed for autofluorescence. 
Nomarski interferential contrast was used to ascertain the presence of 
projections when staining methods failed to reveal them. 

3. Results 

Morphology of the differentiated pore 

The morphology of the pore of mature leaves of A. filiculoides was 
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Figures 25-26. Cell wall projections (arrowheads) stained by Aniline blue under UV 
excitation. Fig. 25 shows a fresh leaf preparation presenting the pore (P) 
region. Note that projections are only found on teat-cells. Fig. 26 shows a 
EDT A-macerated leaf preparation. Bars = 10 µm. Light micrographs. 

investigated first. Longitudinal axial sections through the upper leaf lobes 
indicate that the pore is located at the base of their adaxial surface and 
bounded by two cell layers (Figs. lA, 2, 3). One cell layer, lining the inside of 
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Figure 27. Cell wall projection (arrowhead) stained by Coomassie Brilliant Blue R, after 
EDT A maceration, indicating the presence of proteins. Bar = 10 µm. Light 
micrograph. 

the pore, is made up of teat-shaped trichomes differentiated from the adaxial 
epidermis. The second cell layer corresponds to the inner epidermis lining the 
cavity side of the pore (Fig. lB). Longitudinal sections show 3-4 tiers of teat­ 
cells per pore, the superficial ones being larger than the deep-seated ones (Fig. 
3). Cross sections (i.e. perpendicular to the pore axis) 'at different levels show 
that the pore is circular, or occasionally slightly elliptic, and lined by about 
ten teat-cells per tier, joined side by side at their basal portion (Fig. 4). The 
teat-cells point towards the centre of the pore and slightly towards the outside 
of the leaf cavity (Fig. 5). Based on light microscope observations of cross and 
longitudinal serial sections through the pore, the schematic representation 
shown in Fig. 1 B was prepared. The pore is a truncated cone protruding towards 
the leaf cavity (Figs. lB, 2, 3). The mean diameter of this cone, i.e. measured 
at the bases of two diametrically opposed teat-cells (Fig. lB), is on the 
average 80 µm. The pore is partially obstructed by the protruding teat-cells, 
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Figures 28-29. Callosic thickening (arrowheads) under a cell wall projection (arrows) 
after EDT A-maceration. Figs. 28 and 29 are the same structure, Fig. 28 is 
seen by interferential contrast and Fig. 29 is stained by Aniline blue under 
UV excitation. Bar= 10 urn, Light micrographs. 

which are sometimes so elongated that their apices can overlap; physical 
contact was nevertheless never observed between teat-cell apices. Sometimes a 
straight lumen (i.e. the passage left between the teat-cell apices) of up to 15 
urn in diameter is observed. Furthermore, as a very slight pressure exerted on a 
submerged leaf provokes the emission of an air bubble through the pore and 
since no mucilage filling the pore has been detected in this study, gaseous 
exchanges between the atmosphere and the cavity probably remain possible. 

Pore morphogenesis 

On the adaxial surface of the upper lobe of the leaf primordium, a group of 
epidermal cells arranged in a circle divide periclinally, giving rise to a 
circular bi-layered fold (Figs. 6, 7-right). This fold limits a depression whose 
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epidermal cells, forming from now on the inner epidermis, enlarge periclinally 
(compare Figs. 6, 7-left). At the same time, the cells on the border of the bi­ 
layered fold undergo divisions forming radially arranged rows of cells (Fig. 8). 
These two processes lead to the formation of a cavity that remains in contact 
with the atmosphere through a circular opening, or pore, with an initially 
almost constant mean diameter of about 60 µm, as measured at the base of its 
limiting cells. During this development, the bi-layered fold surrounding the 
pore slightly bends towards the inside of the cavity (Fig. 7-left). This 
invagination is due to additional anticlinal divisions of the cells from the 
outer layer of the fold, i.e. the adaxial epidermis. Morphological 
modifications then appear on the borders of the pore. Adaxial epidermal cells 
lining the pore elongate and become teat-shaped (Figs. 9, 10), that is: enlarged 
cell base, narrow cell body and rounded cell apex. Teat-cells point towards the 
centre of the pore, progressively reducing its lumen (Fig. 11), but never 
completely obstructing the passage. The basal enlargement of the teat-cells 
causes a more pronounced invagination of the pore borders inside the cavity, 
thereby leading to an increase of the pore diameter to ca. 80 µm. 
Pore morphogenesis appears identical in A. filiculoides and A. nilotica. 

Regarding A. pinnata var. pinnata, pore morphogenesis is similar except for a 
few details: in this species, invagination of the pore borders towards the inner 
side of the cavity is barely observable if at all existent; furthermore teat-cells 
are arranged on only 2-3 levels. The diameter of the developing pore has the 
same mean value for the three species studied. In all instances this diameter 
slightly increases from 60 to 80 µm by the end of teat-cell differentiation. 

Teat-cell ultrastructure 

Transmission electron microscopy of pore teat-cells was carried out on 
mature, clearly not senescent leaves of A. filiculoides. Fronds prepared by both 
fixation procedures showed identical ultrastructural features. Mature teat­ 
cells, 30-40 µm long, show an enlarged cell base of about 20 µm (Fig. 12) and are 
highly vacuolated. Their nucleus has a median position (Fig. 12). The 
cytoplasm, which is relatively homogenous in all parts of the teat-cells, has a 
higher organelle density than surrounding epidermal cells: mitochondria (Fig. 
21), rough endoplasmic reticulum, Golgi apparatus with dilated cisternae (Fig. 
13) and numerous secretion vesicles (Figs. 13, 14) are observed. The vacuole 
contains convoluted membrane accumulations (Fig. 15) and shows 
plasmalemmasomes, as described by Heath and Greenwood (1970), protruding 
into it (Fig. 16). Paramural bodies (Marchant and Robards, 1968) are found in 
the periplasm (Figs. 17-19). A great morphological diversity of these 
structures is observed, but two types occur more frequently. The first type 
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consists of spherical vesicles with a diameter up to 70 nm and containing an 
homogenous material slightly opaque to electrons (Fig. 17). The second type, 
almost exclusively located at the basis of the teat-cells, consists of larger and 
flattened membranous structures similar to dictyosome cisternae and is about 
100 nm in length (Fig. 19). The cell wall of teat-cells, bordered by an electron 
dense thin layer corresponding to the cuticle (Fig. 17), is generally thinner than 
the cell wall of surrounding epidermal cells. Vesicles embedded in the cell 
wall, defined as lomasomes by Heath and Greenwood (1970), are also observed 
(Fig. 20). Paramural bodies and lomasomes (Figs. 17-20) cannot be interpreted 
as artifacts since with both fixation procedures these structures were only 
observed in teat-cells and never in surrounding cells. Additionally, no 
ultrastructural abnormalities indicative of fixation problems were observed. 
In all mature pores, some teat-cells present remarkable external 

protuberances on their cell wall surface (Figs. 21, 22). These spherical 
projections, always localized near the basal part of the teat-cells, vary in 
number and shape. From one to more than four per teat-cell, these structures 
range in size from 1 to several µm in diameter. The content of the projections 
exhibits a very fine granular matrix that is homogeneous or heterogeneous, 
electron dense or transparent. Despite their variability, they present a 
common characteristic : they are all limited by a thin electron dense film that 
is in continuity with the cuticle (not visible at the magnification levels of Figs. 
21 and 22). At their base thickenings of the cell wall are frequently observed 
(Fig. 22). Occasionally paramural bodies are also observed at their base. Such 
projections are never observed in any other type of cells of the upper leaf lobe. 

Composition of cell wall projections 

The results of cytochemical stainings are summarized in Table 1. Ruthenium 
Red stains the projections revealing their pectic nature (Fig. 23). The lack of 
reactivity with hydroxylamine/ferric chloride indicates that the pectin is not 
esterified. Aldan blue stains the projections positively. Gradations of 
reaction intensity, from weakly to strongly positive, for Aldan blue are 
frequently observed among teat-cell projections within a same pore. Variations 
of coloration, from reddish pink to deep purple-violet, are also observed with 
the metachromatic stain Toluidine blue (Fig. 24). Both stainings indicate the 
presence of acidic polysaccharides in the projections. The absence of cellulose 
is confirmed by the negative reaction to Calcofluor white. Aniline blue and 
resorcine blue mark the projections, indicating the presence of callose (Figs. 25, 
26). No autofluorescence of the projections was detected, indicating the absence 
of lignin, suberin or cutin. The absence of lipidic compounds is demonstrated by 
the negative responses of the projections to Phosphine 3R and Sudan Black B. 
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Table 1. Cytochemical stainings of the cell wall projections. 

Stain Specificity Projections 

Ruthenium red Pectin +I++ 
Hydroxylamine/ ferric chloride Esterified pectin 
Alcian blue Acidic polysaccharides +I++ 
Toluidine blue Acidic polysaccharides purple 
Calcofluor white Cellulose 
Aniline blue Callose + 
Resorcine blue Callose + 
Phosphine 3R Lipids (- sterols) 
Sudan black B Total lipids 
Coomassie brilliant blue R Proteins ++ 

+: Obvious staining, ++: strong staining, -: no staining. 

Coomassie Brilliant Blue R stains the teat-cell projections strongly, indicating 
the presence of proteins (Fig. 27). 
Cell wall thickenings at the base of the projections, which may reach 3 µm, 

contain callose as indicated by their positive reactivity to aniline blue (Figs. 
28, 29). 

4. Discussion 

The present study clearly established that the pore of the leaf cavity in 
three different species of Azolla subsists in fully differentiated leaves, with 
only limited specific morphological differences. This pore connects the cavity 
containing Anabaena and other bacteria with the external atmosphere while 
restricting the passage by a system of baffles formed by teat-cells originating 
from the adaxial epidermis of the leaf. 

The very first stages of leaf development until the emergence of the 
epidermal fold described here correspond to those presented by Konar and 
Kapoor (1972). These authors, as well as Demalsy (1953), had nevertheless 
concluded a progressive, even if partial, closure of the pore during later 
developmental stages, through proliferation of the cells bordering it. Our 
observations demonstrate that it is not the proliferation of these cells but only 
their elongation into teat-shaped unicellular trichomes which protrude into 
the lumen that partially obstruct the pore. Actually its total diameter, as 
defined in this study, slightly increases at the end of leaf development. A 
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total closure of the cavity as referred by some authors (Smith, 1955; Calvert 
and Peters, 1981; Becking, 1987) was never observed in any of the three Azolla 
species investigated in this study. 

The subsistence of a pore connecting the leaf cavity with the external 
environment and the apparent absence of mucilage in this pore implies the 
possibility of gaseous exchanges between these two compartments. The lower 
oxygen concentration in the leaf cavities than in the atmosphere reported by 
Grilli Caiola et al. (1989) and Uheda et al. (1995) do not imply an obstruction 
of the pore by mucilage. These observations can be explained by considering 
the cavity as a metabolically active and very confined, although open, 
compartment. Nevertheless, further evidences - such as could be provided by a 
LTSEM study- are needed to confirm definitively the absence of mucilagineous 
material in the pore region. The morphology of the teat-cells, forming a 
system of baffles, suggests their possible function as a mechanical filter, 
preventing particles and organisms from entering and the Anabaena colony 
from exiting. 

Moreover, TEM observations suggest a second function for the teat-cells, 
namely a secretory role. The occurrence of a high density of organelles and 
ribosomes and of numerous secretion vesicles and abundant membranous profiles 
is indicative of a high metabolic activity. Paramural bodies in the periplasm 
suggest a secretory activity (Moore and McAlear, 1961; Marchant and Robards, 
1968; Roland, 1973; Gram, 1982) as does the protrusion of plasmalemmasomes 
into the vacuole; Heath and Greenwood (1970) suggested indeed that 
membrane excess resulting from fusions of numerous secretion vesicles with the 
plasmalemma (Juniper et al., 1981) or from the accumulation of paramural 
bodies in the periplasm, is transferred to the vacuole for disaggregation. A 
similar explanation may account for the accumulation of convoluted membranes 
in the vacuole. 
The very existence of cell wall projections also supports the hypothesis of a 

secretory function for teat-cells. Cytochemical tests showed that the 
projections are composed of a mixture of unesterified pectin, callose and 
proteins. Morphologically similar projections have repeatedly been reported 
in the literature (Carlquist, 1956; Davies and Lewis, 1981; Donaldson and 
Singh, 1984; Jeffree et al., 1989; Suske and Acker, 1989; Read, 1990; Scheidegger 
et al., 1991; Miller and Barnett, 1993; Giinthardt-Goerg et al., 1997) but were 
never found on epidermal cells. Although these reported structures vary in 
composition, the presence of pectin has generally been demonstrated. These 
projections were described to appear under stress situations such as wounding 
(Davies and Lewis, 1981), grafting (Jeffree et al., 1989; Miller and Barnett, 
1993), fungal infection (Suske and Acker, 1989; Read, 1990; Scheidegger et al., 
1991) and ozone exposure (Scheidegger et al., 1991; Giinthardt-Goerg et al., 
1997). In our culture conditions however no sign of stress was ever noticed. The 
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secretory nature of the teat-cells, as shown here, and the cell wall projections 
may suggest a preemptive chemical defence against invading organisms. 
Davies and Lewis (1981), observing projections on wound callus cells of Daucus 
carota, suggested that they contribute to the elaboration of a water-proof 
barrier on the cell surface to prevent dehydration. Besides the obvious 
morphological similarity between the projections they observed and those 
occurring on teat-cells of Azolla, the callus cells bearing projections also 
presented convoluted membranous structures and multivesicular bodies that 
may indicate processes of projection formation similar in both carrot and 
Azolla. Despite the absence of lipidic compounds, projections of the Azolla 
teat-cells could indeed be associated with non-wettability preventing the 
ingress of water by capillarity into the leaf cavity because the possible water­ 
repellent effect of the proteins detected in the projections (Gerin et al., 1993; 
Beever et al., 1979). 
Further studies are in progress to establish the kinetics of the 

differentiation of teat-cells and the role of the pore and its surrounding 
associated cells in the Azolla-Anabaena symbiosis. 
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