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Abstract Gametophytes of Pellaea viridis that appeared
spontaneously on the surface of substratum originating
from an ultramafic area were found to form mycothallic
symbiosis with arbuscular mycorrhizal fungi (AMF) un-
der laboratory conditions. In gametophytes and sporo-
phytes grown with Glomus tenue, abundant arbuscule
formation was observed at both stages. In gametophytes,
the fungus was found in the region where the rhizoids are
initiated. If G. intraradices was added to the soil, the
gametophytes were colonised mostly by G. tenue, and
roots of sporophytes were colonised by G. intraradices.
The presence of AM fungi in both gametophytes and
sporophytes of P. viridis resulted in the development of
larger leaf area and root length of the sporophyte. The
analysis of gametophytes from the Botanical Garden in
Krakow (Poland) showed that cordate gametophytes of
Pteridales, namely Pellaea viridis (Pellaeaceae), Adian-
tum raddianum and A. formosum (Adiantaceae), were also
mycothallic.
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Introduction

Mycorrhizal fungi have probably played a role in the
evolution of land plants (Pirozynski and Malloch 1975).
Mutualism in terrestrial, multicellular and parenchyma-
tous plants seems to be ancestral and to have occurred
during the Devonian era (Taylor et al. 1995; Stubblefield
and Taylor 1988). A wide range of present Hepatophyta,
Anthocerotophyta and Tracheophyta have been found to

form mycothalli, mycorrhizomes and mycorrhizas (Read
et al. 2000).

Pteridophytes are of ancient origin. Their life cycle
involves two multicellular generations, the gametophyte
and the sporophyte. Investigations on the occurrence
of mycorrhiza in fern sporophytes (Janse 1897; Gallaud
1905; Rayner 1927; Burgeff 1938; Boullard 1957; Fon-
tana 1959; Hepden 1960; Cooper 1976; Mishra et al.
1980; Iqbal et al. 1981; Laferi�re and Koske 1981; Berch
and Kendrick 1982; Gemma and Koske 1990; Gemma et
al. 1992; Zhi-wei 2000; Kottke 2002), indicate a con-
siderable diversity of interactions, ranging from lack of
symbiosis to facultative and obligate associations. Two
fundamentally different growth forms exist among ga-
metophytes of ferns and fern-allies: (1) green, epiterres-
trial, short-lived forms commonly forming cordate la-
mellae, and (2) achlorophyllous, thick, fleshy, long-lived,
subterranean forms. While the presence of fungal en-
dophytes in the second group of fern gamethophytes
(Bruchmann 1904; Boullard 1979; Peterson et al. 1981;
Schmidt and Oberwinkler 1994) appears to be a common
feature, the green photosynthetic gametophytes are gen-
erally considered to be fungus-free (Read et al. 2000).
Endophytic fungi have been described in a few species of
Marattiaceae, Gleicheniaceae and Osmundaceae (Camp-
bell 1908; Bower 1923; Schmidt and Oberwinkler 1995),
groups that are considered basal fern families (Rothwell
1999).

Recent years have brought increasing interest in the
interactions between plants occurring on heavy-metal-rich
substrata and associated soil microbiota (Leyval et al.
1997; Carlot et al. 2002; Jeffries et al. 2003). Pellaea
viridis belongs to the heavy-metal-tolerant ferns (Wild
1968). The development of arbuscular mycorrhiza is often
considered as a strategy that can alleviate the toxic effect
on the plants of metal excess in soil, either directly by
decreasing metal uptake or indirectly by improving min-
eral nutrition and alleviating drought stress (Smith and
Read 1997).

The main objective of the present study was to in-
vestigate mycorrhizal associations of a fern that appeared
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abundantly on soil samples collected at the Agnes Mine,
Mpumalanga Province in South Africa. In particular, we
aimed at determining: (1) whether the gametophytes of
Pellaea viridis are mycothallic, (2) whether mycorrhiza
has any impact on sporophyte growth, and (3) whether the
gametophytes host the same fungal species as the sporo-
phytes. Mycorrhiza of gametophytes and sporophytes of a
few fern taxa from greenhouses of the Botanical Garden
of the Jagiellonian University in Krakow, Poland, were
also examined for comparison.

Materials and methods

Soil samples were collected in February 2002 from sites in Agnes
Mine, Mpumalanga Province, South Africa (Morrey et al. 1989,
1992). The soil, characterized by 1,070 mg kg�1 total Ni content,
300 mg kg�1 exchangeable Ni content (extracted in 0.02 M di-
ammonium EDTA), and a mean pH value of 6.5, was mixed with
granulated expanded clay (3:1) (Turnau and Mesjasz-Przybyłowicz
2003). In order to eliminate indigenous fungi, soil was pasteurised
by heating twice at 80�C for 1 h separated by a 24 h cooling period
(Morton 1990) and subsequently stabilised for 2 weeks (sprayed
occasionally with distilled water) before use. Non-pasteurised soil
contained crude inoculum consisting of spores, extraradical my-
celium and pieces of plant roots. Pasteurised and non-pasteurised
soil samples were deposited in 500 ml pots. The cultures were kept
in sealed sunbags (Sigma, St. Louis, Mo.) at a light intensity ca.
78 mmol s�1 m�2 and a light regime of 12/12 h, and were watered
according to Walker and Vestberg (1994). P. viridis gametophytes
appeared spontaneously on both non-pasteurised and pasteurised
soil samples. Randomly selected gametophytes from each pot (5–10
specimens per pot) were checked for mycorrhization. If no coloni-
sation was detected, the pot was assumed to be devoid of arbuscular
mycorrhizal fungi (AMF). Gametophytes originating from these
pots were placed on the surface of substratum containing Glomus
intraradices (BB-E-1-99; Biorize SARL, France, isolated from
non-polluted soil) and/or Glomus tenue (UNIJAG. PL.18, Krakow,
Poland, isolated from soil collected in Mpumalanga, Republic of
South Africa,) propagules, in order to study the ability of these
fungi to colonise both gametophytes and sporophytes.

Gametophytes used for the experiment on the growth response
to mycorrhiza were carefully removed from pots that were previ-
ously confirmed to be AMF-free and planted in 200 ml pots filled
with pasteurised soil. Gametophytes were divided into three groups.
The first group (control) was left without inoculation and no AMF
were found at the end of the experiment (G�S� plants). The second
group was not inoculated but, due to failed sterilisation, mycorrhiza
developed in sporophyte roots (G�S+ plants). The third group was
inoculated with crude inoculum containing G. tenue (G+S+ plants).
The presence/absence of AMF was confirmed on the basis of mi-
croscopic observations of remnants of the gametophytes that re-
mained attached to the sporophyte for almost 2 months. Shoot and
root samples for the estimation of shoot size and mycorrhizal pa-
rameters were collected after 3 months of growth; 5 control (non-
mycorrhizal) plants and 10–15 mycorrhizal plants were used.

In total, almost 300 specimens of P. viridis were analysed, ei-
ther at the point when the sporophyte had not yet developed or at
different stages of sporophyte development, ranging in height from
a few millimetres to 4 cm. To visualise arbuscular mycorrhiza, the
plant material was carefully picked up from the substratum and,
after the removal of the sporophyte shoots (if they were bigger than
a few millimetres), prepared as follows. After careful washing in
tap water, whole plants were softened in 10% KOH for 24 h at
room temperature, washed in tap water, bleached in H2O2/NH3
(10:1) for a few minutes followed by washing in tap water, acidi-
fied in 5% lactic acid in water for 1 h, stained with 0.01% aniline
blue in lactic acid for 24 h at room temperature and eventually
stored in pure lactic acid. To avoid destruction of the fragile ga-

metophytes, bleaching was applied only in cases when a well-de-
veloped root system was present. In the case of gametophytes, only
the presence/absence of glomalean fungi was noted. In the case of
sporophytes, standard mycorrhizal parameters: relative mycorrhizal
root length (M%), intensity of colonisation within individual my-
corrhizal roots (m%), relative arbuscular richness (A%), and ar-
buscule richness in root fragments where arbuscules were present
(a%), were assessed according to Trouvelot et al. (1986), http://
www.dijon.inra.fr/bbceipm/Mychintec/Mycocalc-prg/down-
load.html, in whole roots placed on microscope slides without
cutting, to enable measurements of whole root length. The length of
the roots was measured separately for each plant using a binocular
microscope and a computer image analysis system. Fern shoots/
leaves were dried between filter paper sheets and scanned sepa-
rately for each plant. The data were processed using Image-Pro Plus
(ver. 4.0) software. Statistical data analysis was performed with the
non-parametric Kruskal-Wallis and Mann-Whitney tests (P<0,05)
using STATISTICA (ver. 5.0) software, while the correlation
analysis was done with STATGRAPHICS (ver. 5.0).

For comparison, gametophytes and sporophytes of P. viridis
(Forssk.) Prantl (Pteriditae, Pteridales, Pellaeaceae), Adiantum
raddianum C. Presl, Adiantum formosum R. Br. (Pteriditae, Pteri-
dales, Adiantaceae), Asplenium viviparum (L. f) C. Presl (Poly-
poditae, Aspleniales, Aspleniaceae) and Pteris cretica L. (Pteridi-
tae, Pteridales, Pteridaceae) were collected from the Botanical
Garden in Krakow. The presence of mycorrhizal fungi was checked
as described above. The mycorrhizal parameters in sporophyte
roots were not estimated.

Results

Mycorrhizal status of Pellaea viridis

Most gametophytes of P. viridis that developed on the
surface of ultramafic soil samples were mycothallic
(Fig. 1A). Only a few samples were found to be devoid of
mycorrhizal fungi; in others a fine endophyte, G. tenue,
was detected (Fig. 1B, C, E). Fern gametophytes and
roots of sporophytes were usually strongly colonised.
Fine fungal mycelium with extraradical hyphae of 0.8–
1.3 �m, hyphae developing within the gametophyte of
0.4–0.7 �m, often forming typical fan-shaped structures,
and vesicles of 3–7 �m diameter were found. Arbuscules
densely filling the gametophyte cells (Fig. 1E), strongly
stained in aniline blue, were visible either in the basal
part of the rhizoids or within cells of the cord-like ga-
metophyte, where the rhizoids were initiated. The my-
celium was also observed within the elongated part of the
rhizoids (Fig. 1C). The fungus was spreading from one
cell to another without the development of the intercel-
lular phase. As G. tenue did not autofluoresce, it was
possible to observe the symbiosis only after staining. G.
tenue was the only fungus colonising gametophytes on
the pasteurised substrata; on unheated substratum coarse
mycorrhizal fungi were also present (Fig. 1D). The roots
of sporophytes developing from mycothallic gameto-
phytes were always mycorrhizal (Fig. 2A–C). The my-
celium never colonised the sporophyte through the
junction between the gametophyte and the sporophyte.
The colonisation of roots was observed either by the
mycelium originating from the rhizoids or from the ex-
traradical hyphal net.
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In some samples, the fungus was found only in roots of
the sporophytes, while the gametophytes that remained
attached to the sporophyte root base for a few weeks had
no visible signs of fungal colonisation.

G. intraradices, originating from pot cultures used to
inoculate sterilised soil samples on which the fungus-free
gametophytes were introduced, was found to colonise the
gametophytes and the sporophyte roots. In cases where
both G. intraradices and G. tenue were present, almost
90% gametophytes were colonised by G. tenue, while
sporophyte roots hosted G. intraradices, colonising up to
90% of the root length and producing abundant arbuscules
(A% up to 60%). When G. intraradices was forming ar-
buscules within cortical cells of the roots, G. tenue was
present only in the form of mycelium, often with fan-like
structures and small vesicles but no arbuscules of this
fungus were found.

Cyanobacteria were present on the surface of game-
tophytes, mycothallic or not. Their threads were present
mostly on the underside of the gametophytes, lining the
grooves between cells.

Influence of mycorrhiza on plant growth

Observation of gametophytes that were transferred into
sterilised substratum at a similar development stage
showed that the fern is not obligatory mycorrhizal. My-
corrhizal plants (G+S+) had well branched roots, statis-
tically longer than non-mycorrhizal plants (G�S+ and
G�S�), and developed larger leaves (Figs. 22D, 3). G�S�
plants were less green (yellowish) than G�S+ and G+S+
plants. The mycorrhizal colonisation of the roots that had
developed from nonmycorrhizal gametophytes was much

Fig. 1A–E Gametophytes of Pellaea viridis. A Dorsal side of the
gametophytes observed under binocular microscope. B Side view
of the gametophyte (ga) and sporophyte (sp) with the endophyte (e)
stained distinctly with aniline blue. C Gametophyte rhizoids (rh)
colonised by Glomus tenue mycelium (e). D Rhizoids (rh) of ga-

metophyte colonised by coarse mycorrhizal fungi (e). E Gameto-
phyte (ga) colonised by G. tenue (e), which, however, do not invade
the root (rt) of the sporophyte directly through the gametophyte-
sporophyte junction
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higher than if roots were already colonised at the game-
tophyte stage (Fig. 3C).

Occurrence of mycorrhizal fungi in fern gametophytes
and sporophytes collected in the Botanical Garden
in Krakow

AMF colonisation was observed in both life stages of
Adiantum raddianum (Fig. 4A), Adiantum formosum, and
P. viridis. In gametophytes, coarse and fine fungal my-
celium was found to form arbuscules within the region of
rhizoid initiation (Fig. 4A–E). The coarse endophyte
showed strong autofluorescence (Fig. 4B) upon excitation
with UV light (455–490 nm wavelength). Only coarse
mycelium was detected in the darkly pigmented sporo-
phyte roots. Chloroplasts were present in the cells where
arbuscules had developed, but the strength of chlorophyll
autofluorescence was much lower than in non-colonised

cells (Fig. 4C). Thread-like cyanobacteria were observed
lining the grooves between cells of the gametophytes on
the underside of the leaves, similarly to P. viridis. No AM
fungi were found in the gametophytes and sporophytes of
Asplenium viviparum and Pteris cretica.

Discussion

In this investigation, Pellaea viridis spores germinated
and sporophytes grew spontaneously enabling the esti-
mation of the symbiosis at all stages of the fern’s life
cycle.

To our knowledge, the presence of arbuscular coloni-
sation of gametophytes of a member of Pteridales is re-
ported for the first time. The ability to form arbuscular
symbiosis by the gametophytes is probably not a rare
event for the members of this genus and also not restricted
to soils rich in Ni, as the same phenomenon was observed

Fig. 2A–D Mycorrhizal colonisation of P. viridis. A Dense for-
mation of arbuscules by G. tenue within roots. B–C Formation of
small vesicles (v) and arbuscules (a) by G. tenue. D P. viridis
grown on Ni-rich soil: both gametophytes and sporophytes colo-

nised by arbuscular mycorrhizal fungi (AMF) (G+S+), only
sporophytes colonised by AMF (G�S+), and plants cultivated
without AMF (G�S�)
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in gametophytes of a few other fern species growing in
the greenhouses of the Botanical Garden in Krakow on
typical horticultural substrata. P. viridis is a fern of Afro-
Indian provenance, including the Mascarene and Comoro
islands, Malagasy, Madagascar and Africa (from Yemen
to Ethiopia, Sudan, tropical East Africa, Malawi, Mozam-
bique, Zimbabwe and, in South Africa, from the Trans-
vaal to the south-western Cape) (Jacobsen 1983). It is a
widespread xeromorphic fern, common in the summer
rainfall areas (Hancock and Lucas 1973). It is often found
at the base of rocks and seems to be well adapted to
exposed conditions at altitudes from sea level to about
1,900 m and an annual rainfall of 500 to over 1,200 mm
(preferably 700–1,200 mm). It is common along wet
forest edges, in dry or riverine forests, pine and euca-
lypt plantations, in montane and secondary grassland, on
rocky hillsides among boulders, on cliff ledges and wet or
dry sheetrock mats (Jacobsen 1983). It was recorded from
nonmetaliferous soils and those rich in Cu (Wild 1968).
Under all these conditions the formation of mycorrhiza
might be of great importance. However, as shown in the
present study, the development of the symbiosis between
the gametophytes and the glomalean fungi is not obliga-
tory, while the sporophyte, according to literature (Zhi-
wei 2000) and as found in the present study, is usually
colonised by a mycorrhizal fungus.

Preliminary data obtained in this study indicate that
the presence of AM fungi at both the sporophyte and
the gametophyte stage stimulates fern growth, although in

order to draw definitive conclusions it would be necessary
to obtain material enabling deliberate and controlled in-
oculation. The appearance of AM fungi at the gameto-
phyte phase may significantly shorten the period when the
small plants are especially susceptible to drought. As the
nonmycorrhizal plants were always slightly yellowish, the
fungi are probably also improving their nutritional status.
This should be supported in the future by exact analysis of
the plant material.

G. tenue was demonstrated to be a mycothallic sym-
biont. Although heat treatment of the soil is believed to
eliminate most native fungi (Morton 1990), G. tenue be-
longs to the few species that are more resistant to heat
stress (Warcup 1981; McGee 1989). This is one of the
reasons why pasteurised soil samples used for culturing
nonmycorrhizal plants should be carefully checked before
conclusions are drawn. G. tenue is a common fungus in a
wide range of soils (including agricultural and forest
soils) and at a wide range of altitudes, often recorded in
lowlands and in high mountain soils. Its presence in ul-
tramafic soils has been already shown in Berkheya coddii
roots, suggesting its tolerance to heavy metals (Turnau
and Mesjasz-Przybyłowicz 2003). Several unpublished
records are available from industrial wastes rich in Zn,
Pb, Cd, As, Cu, and others (unpublished observations).
Due to the small size of spores the species is difficult to
isolate; thermal treatment of soil samples seems to be the
only way to obtain it in pure culture. In natural stands or
in culture conditions, a commonly observed feature is that

Fig. 3A–C Growth and mycor-
rhizal parameters of P. viridis
cultivated in the presence or
absence of AMF. A Lateral root
length. B Mean leaf area. C
Intensity of colonisation within
individual mycorrhizal roots
(m%), relative mycorrhizal root
length (M%), arbuscule rich-
ness in root fragments where
the arbuscules were present
(a%) and relative arbuscular
richness (A%) of 3-month-old
plants. G+S+ Both gameto-
phytes and sporophytes colo-
nised by AMF, G�S+ only
sporophytes colonised by AMF,
G�S� plants cultivated without
AMF. Different letters above
bars indicate statistically sig-
nificant differences
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Fig. 4A–E Gametophyte of Adiantum raddianum. A Gametophyte
with attached sporophyte (sp) and the endophyte (e) stained dis-
tinctly with aniline blue. B Endophyte (e) showing autofluores-
cence induced by UV light. C Weak autofluorescence of the

chloroplasts (ch) within gametophyte cells colonised by AMF. D–E
Fine endophyte (e) within the gametophyte stained with aniline
blue
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G. tenue arbuscules are formed only in roots where there
is no competition with other mycorrhizal fungi, and only
the characteristic mycelium with the small vesicles is
visible (unpublished observations). The interactions be-
tween coarse and fine endophytes have been investigated
previously (Sainz et al. 1989; Wilson 1984; Powell 1979).
The low competition ability might explain why this spe-
cies is found in places such as industrial wastes, low pH
forest soils or on tree stumps where ferns start to grow.

As discussed above, there are still many gaps in our
knowledge concerning the occurrence and the role of
mycorrhizal fungi in ferns. The sporophytes of e.g., trop-
ical ferns were found to be able to form arbuscular, ericoid
and orchid type of symbiosis (Cooper 1976; Kottke 2002).
As shown here, gametophytes of ferns can form symbios-
es with the same fungi that are common symbionts of
phanerogamic plants. At the same time the mycothalli
strongly resemble the mycothalli of liverworts (Turnau et
al. 1999) and mycothalli of the Gleicheniaceae family
(Schmidt and Oberwinkler 1995). This would mean that
the evolutionary trends were probably similar to those
observed in vascular plants and in liverworts, where the
most ancient was arbuscular symbiosis, later substituted
by other types of symbiosis or even by losing the myc-
orrhizal association due to eutrophisation.

Before a clear picture is drawn, further research on this
subject, including the relations between fungi and game-
tophytes is necessary on a broader range of fern species.
As pointed out by Read et al. (2000) investigations on the
function of mycorrhiza in this group of plants are also
required.
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