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Histochemistry of simple hairs from the foliar cavities of Azolla
filiculoides

A. L. PEREIRA & F. CARRAPIÇO
Departamento de Biologia Vegetal, Faculdade de Ciências, Universidade de Lisboa, Portugal

Abstract
The foliar cavities of the water fern Azolla filiculoides have as many as 20 – 25 simple hairs (SH) protruding from the
epidermal cells that delimit the cavity. These SH have a transfer-like ultrastructure normally associated with secretion of
metabolites. The aim of this study was the chemical characterization of the compounds that accumulated in the SH of the
zones F1-12 (from 1st to 12th leaves) and F13 (from 13th until the end of the sporophyte) throughout the seasons during a
1-year study. The histochemical tests show that the vacuoles of simple hairs contain a mixture of lipids, unsaturated lipids,
polysaccharides, polyphenols (o-dihydroxyphenols, phenols with free 
OH groups and tannins) and alkaloids or alkaloidlike compounds. These substances do not show seasonal variation, having been present throughout the one-year study. The
histochemical analysis demonstrated that the SH always have a variety of metabolites. The function within the AzollaAnabaena symbiosis is not known.
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Introduction
Azolla is a small floating aquatic fern with bilobed
leaves covering the rhizome. Each leaf has an aerial,
thick, chlorophyllous dorsal lobe and a very thin,
hyaline ventral lobe. The dorsal lobe has an ovoid
cavity from which as many as 20 – 25 simple hairs
(SH), one primary branched hair (PBH) and one
secondary branched hair (SBH) protrude. These
develop during the differentiation of the leaves, one
primary branched hair (PBH) and one secondary
branched hair (SBH). This cavity is inhabited by a
community of the nitrogen-fixing cyanobacteria
Anabaena azollae, and several genera of bacteria
(Lumpkin & Plucknett, 1980). This unique association is important in rice culture when applied as a
biofertilizer in some subtropical and tropical countries, as animal food (Carrapiço et al., 2000) or as a
wastewater purifier (Costa et al., 1999).
Transmission electron microscopy shows that the
cells of SH are transfer cells, which may be
associated with the secretion of compounds, accumulated in the vacuoles and released to the cavity.
This means an exchange of metabolites from Azolla

to the cyanobacteria (Calvert & Peters, 1981; Calvert
et al., 1985).
Various histochemical methods allow the analysis
of the many cellular components including proteins,
carbohydrates, lipids, phenols or alkaloids. These
techniques, which enable the investigation of compounds accumulated in special plant structures, such
as trichomes and ducts, are widely used in angiosperms to characterize the secreted metabolites. In the
Azollaceae such studies are very rare. Calvert et al.
(1985) suggested that the SH accumulate tannins,
and this was confirmed by Teixeira (1999) and
Pereira et al. (2000), while Carrapiço & Tavares
(1989) detected polysaccharides and lipids. No other
histochemical study, either on these compounds or
other compounds accumulated in the vacuoles of
the SH has been conducted since then. Although
the phytochemical studies performed on Azolla
(Ishikura, 1982; Greca et al., 1989; Arai et al.,
1998; Teixeira, 1999) show a great variety of
metabolites, there are no histochemical studies on
their in situ localization.
In this paper we report a histochemical study made
on the vacuolar content of the SH in F1-12 and F13
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leaves, during a 1-year period. These tests allowed
the characterization of the substances accumulated
in the SH, and an assessment of their possible
seasonal changes.

Materials and methods
Plant material
A. filiculoides growing in the open was collected in
Lisbon Botanical Garden (Faculty of Sciences,
University of Lisbon) between October 2000 and
September 2001. A voucher was deposited in the
Herbarium of the Faculty of Sciences, University of
Lisbon (LISU 191335).
The lateral branches of fresh Azolla sporophytes
were removed, and the main axis separated into 3
parts: A) the apical meristem and the leaves that
cannot be detached without being damaged; B) F112 (1st to 12th leaf); and C) F13 (from the 13th leaf
to the end of the sporophyte), according to the
developmental stage of the cavities (Calvert et al.,
1985). F1-12 and F13 were cut longitudinally along
the main axis through the foliar cavities with a razor
blade.
Histochemical tests
The histochemical tests were 10% ferric trichloride
for o-dihydroxyphenols (Johanson, 1940); potassium
bichromate for phenols with free 
OH groups
(Gabe, 1968); vanillin-hydrochloric acid for tannins
(Mace & Howell, 1974); Wagner reagent (Fulton,
1932), Dittmar reagent (Fulton, 1932), Dragendorff
reagent (Stahl, 1965) for alkaloids; PAS for polysaccharides (Feder & O’Brien, 1968); Sudan Black B
for total lipids (Bronner, 1975); osmium tetroxide
for unsaturated lipids (Ganter & Jollés, 1969);
copper acetate/rubeanic acid for fatty acids (Ganter
& Jollés, 1969); antimony trichloride for sterols
(Hardman & Safowora, 1972); and 2,4-dinitrophenylhydrazine for terpenoids with carbonyl groups
(Ganter & Jollés, 1969). All histochemical tests were
compared with their controls. The sections were
observed by light microscopy using a Leitz-Wetzlar
Dialux and an Olympus BX60.
Results
During a 1-year period, and throughout the main
axis of the sporophyte of A. filiculoides, histochemical
and fluorescence tests were used to visualize different
classes of compounds accumulated in the vacuoles of
SH (Table I), either in basal or in terminal cells.
The histochemical tests with PAS, Sudan Black B,
osmium tetroxide, vanillin-hydrochloric acid, potassium dichromate, and Dragendorff reagent stained

positively the vacuolar content red/pink for polysaccharides (Figure 1A), dark black for total lipids
(Figure 1B), dark black for unsaturated lipids
(Figure 1C), intense red for tannins (Figure 1D),
slightly brown for phenols (Figure 1E), and intense
brown-orange for alkaloids (Figure 1F), respectively.
Figures 1B, 1D, 1F, 1H, 1J and 1M, respectively,
show negative controls for the staining tests. The
vacuole stained positive with 10% ferric trichloride
indicating the presence of phenolic compounds, and
with Dittmar reagent for alkaloids, confirming the
results obtained with the Dragendorff reagent.
The tests with Wagner reagent, copper acetate/
rubeanic acid, and 2,4-dinitrophenylhydrazide were
negative.
During the 1-year study SH always contained
lipids, unsaturated lipids, polysaccharides, o-dihydroxyphenols, tannins, and alkaloids with few
differences in colour intensity between F1-12 and
F13, and with no seasonal variations.
As for the antimony trichloride test, the 1st, 2nd,
3rd, and 10th months showed a weak positive
reaction, but overall it was considered to be negative.
Discussion
Present results show that the vacuoles of SH may
contain a mixture of compounds: lipids (such as the
unsaturated ones), polysaccharides, o-dihydroxyphenols and phenols with free 
OH groups, tannins and
alkaloids.
Lipids and polysaccharides were always present in
the vacuoles of SH throughout the 1-year study and
without seasonal variation. Carrapiço & Tavares
(1989) in semithin sections, and Teixeira (1999)
and Pereira et al. (2000) in fresh Azolla, already
reported the presence of polysaccharides, but not in
the course of 1 year. In this sense, we can establish a
possible correlation between our positive histochemical in situ results and the polysaccharides, and other
carbohydrates, isolated by Kaplan & Peters (1998).
The lipophilic nature of the secretion in SH
was previously established in semithin sections
(Carrapiço & Tavares, 1989), and confirmed here
in fresh A. filiculoides with Sudan Black B and
osmium tetroxide. Seasonal variation in the lipophilic component of the secretion was not observed.
Sudan Black B stains triglycerides, unsaturated fatty
acids, and phospholipids. The positive reaction with
osmium tetroxide confirms the unsaturated nature of
the lipophilic material, but it also stains phenols
(Ganter & Jollés, 1969). Although osmium tetroxide
may stain unsaturated fatty acids, these were not
detected with the copper acetate/rubeanic acid test.
Consequently, it was not possible to correlate the
phytochemical (Greca et al., 1989) and the histochemical results. This probably indicates that, in
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Figure 1. The histochemical tests show the staining (*) of the vacuoles of terminal (TC) and/or basal (BC) cells of the simple hairs. A: PAS.
B: Negative control of PAS. C: Sudan Black B. D: Negative control of Sudan Black B. E: Osmium tetroxide. F: Negative control of osmium
tetroxide. G: Vanillin-hydrochloric acid. H: Negative control of vanillin. I: Potassium dichromate. J: Negative control of potassium
dichromate. L: Dragendorff reagent. M: Negative control of Dagendorff reagent. Scale bar, 5 mm. For a colour version of this figure, please
visit the Plant Biosystems website: http://www.informaworld.com/TPLB

the symbiosis, fatty acids do not accumulate in SH,
or may be present in amounts below the detection
limit of histochemical tests.
The sterols are another group of compounds that
can be detected by osmium tetroxide because of the
double bond in D5 (Pearse, 1995). These compounds were detected by chromatographic techniques by Greca et al. (1989) and Teixeira (1999). The
histochemical tests yielded positive results in some
months of the 1-year study, and hence were not
conclusive.
Phenolic compounds, widely distributed in plants,
include phenols, phenylpropanoids, flavonoids, tannins, and others. The positive reaction with potas-

sium bichromate in the vacuoles of SH may be due to
simple phenols or phenylpropanoids. The latter seem
to be present in the ferns (Berti & Bottari, 1968) and
were isolated from several Azolla species by Greca
et al. (1989), Ishikura (1982), and Teixeira (1999).
Iron trichloride is used to stain the o-dihydroxyphenols, but as far as we know, these metabolites have
never been reported in any of the Azolla species;
however, the occurrence of simple phenols in some
pteridophytes like Polypodium vulgare and Asplenium
lamprophyllum has been reported (Berti & Bottari,
1968). Another type of polyphenol detected was the
condensed tannins which, according to Harborne
(1988), have a scattered occurrence among
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the angiosperms, gymnosperms, and ferns. Their
presence was reported in the cells of Casuarina glauca
nodules infected by Frankia (Laplaze et al., 1999),
and in Azolla spp. it was reported by Calvert et al.
(1985), and confirmed by Teixeira (1999) and
Pereira et al. (2000) in fresh A. filiculoides. Our
observations show that tannins were always present
during the 1-year study, without seasonal variations.
Since it was not possible to isolate and make
bioassays, we can only suggest some possible
functions. The simple phenols and phenylpropanoids may have allelopathic or antimicrobial
(Harborne, 1988) effects, but not on A. azollae
and bacteria. According to Bennett & Wallsgrove
(1994) and Cowan (1999), tannins act as a feeding
deterrent for herbivores (as enzyme inhibitors)
preventing the growth of microorganisms. In the
case of A. filiculoides, these metabolites may bind to
proteins and polysaccharides, reducing their digestibility in animals. If they accumulate in the SH,
they may bind to polysaccharides and proteins of
the pteridophyte itself, preventing the destruction
of the fern tissue or of the symbionts. As in the case
of Casuarina glauca (Laplaze et al., 1999), tannins
may help in the establishment of the AzollaAnabaena symbiosis during the germination of the
megaspore, in the maintenance of the symbiosis, or
in preventing secondary infection by other microorganisms.
Alkaloids are frequent in the angiosperms but, in
ferns, they have been found only in few species, such
as Pteridium aquilinum and Lycopodium sp. (Berti &
Bottari, 1968; Evans, 1996), Arachniodes standishii
(Watson et al., 2001), and Huperzia (Sengbush,
2003). The histochemical tests for alkaloids
(Dragendorff and Dittmar reagents) gave positive
reactions in SH. The most consistent result was
obtained with the Dragendorff reagent, widely used
to detect alkaloids in thin layer chromatography
(TLC) plates (Harborne, 1991). To our knowledge,
it is the first time that the existence of alkaloids
or alkaloid-like compounds is reported in the
Azollaceae. The Dragendorff reagent is also used in
TLC plates to detect tertiary amines (Harborne,
1991) and can also precipitate proteins (Evans,
1996), so that results must be interpreted with
caution. The genus Azolla has diamines (secondary
amines) and polyamines (Marsh et al., 1998), none
of which are tertiary amines; however, if secondary
amines are present at high concentrations, they can
be detected by the Dragendorff reagent. While inside
the vacuoles alkaloids can bind with phenols, making
both compounds biologically inactive (Ferreira
et al., 1998). These metabolites act as deterrents
(Harborne, 1988; Bennett & Wallsgrove, 1994), and
have antibiotic properties (Cowan, 1999). Their
function in the Azolla-Anabaena symbiosis is not
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known, but we propose that they may function as a
feeding deterrent or act against microorganisms. If
the presence of alkaloids is confirmed by chromatographic methods, then the Azollaceae can be regarded
as evolved pteridophytes. This will also indicate that
Azolla species have the enzymes for the biosynthesis
of alkaloids and their precursor compounds. A
chemical characterization of the vacuolar compounds
by chromatographic methods is currently being
performed, especially for tannins and alkaloids.
SH accumulate a complex mixture of lipids and
unsaturated lipids, polysaccharides, o-dihydroxyphenols and phenols with free 
OH groups (such as
phenylpropanoids), tannins, and alkaloids or alkaloid-like compounds. This study confirms, by in situ
methods, previous reports on the presence of tannins
and phenylpropanoids in several Azolla species, and
adds the information that these compounds are
present in the fern throughout the year with no
seasonal variation. Furthermore, the existence of
alkaloids has never been mentioned before in Azolla.
The function of these bioactive metabolites in the
Azolla symbiosis is still not well understood, and
needs further research.
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