
Seed-transmitted beneficial endophytic
Stagonospora sp. can penetrate the walls of the
root epidermis, but does not proliferate in the
cortex, of Phragmites australis

Kexiang Gao and Kurt Mendgen

Abstract: Stagonospora sp. (4/99-1) is a beneficial endophytic fungus frequently transmitted by seeds of Phragmites aus-
tralis [Cav.] Trin. ex Steudel. Here we show that this fungus also penetrates the root epidermis. At first, hyphae were at-
tracted by the root and proliferated on the root surface, preferably over the anticlinal walls. Penetration occurred directly
by undifferentiated hyphae or was facilitated by hyphopodia. Hyphal growth within the root was restricted to the walls of
epidermal cells and the walls of the cells of the outermost cortical layer. Deeper growth by the fungus elicited wall apposi-
tions and ingress into the cytoplasm of cortical cells was blocked by papillae. In the rare cases, the fungus managed to
penetrate into cortical cells, these reacted with necrosis. Immunological studies suggested that fungal material reached the
host plasmalemma and may have been taken up by endocytotic events. Our observations explain the endophytic lifestyle
of hyphae close to the epidermis and the restricted development within the cortex.
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Résumé : Le Stagonospora sp. (4/99-1) est un champignon endophyte bénéfique, très souvent transmis par les semences
du Phragmitis australis [Cav.] Trin. ex Steudel. On démontre ici que ce champignon pénètre également l’épiderme raci-
naire. Au départ, les hyphes sont attirées par la racine et prolifèrent sur la surface racinaire, préférablement sur les parois
anticlines. La pénétration s’effectue directement par des hyphes indifférenciées, ou est facilitée par un hyphopode. La
croissance de l’hyphe dans la racine est limitée aux parois des cellules épidermiques et de la couche corticale la plus ex-
terne. Une croissance plus en profondeur du champignon élicite des appositions pariétales et la pénétration dans le cyto-
plasme des cellules corticales est bloquée par des papilles. Dans les rares cas où le champignon s’est infiltré jusque dans
les cellules corticales, celles-ci ont réagi avec une nécrose. Des essais immunologiques suggèrent que le matériel fongique
atteint la plasmalemme de l’hôte, et pourrait été impliqué dans des évènement endocytotiques. Ces observations expliquent
le mode de vie endophyte des hyphes à proximité de l‘épiderme et le développement restreint dans le cortex.

Mots clés : Stagonospora, Phragmites australis, infection, cortex racinaire, épiderme racinaire.

[Traduit par la Rédaction]

Introduction

Endophytic fungi can colonize plants without causing the
apparent negative effects typical of plant pathogenic fungi
(Jumpponen and Trappe 1998; Schulz and Boyle 2005). Es-
pecially in mutualistic associations, the benign way to pro-
liferate within plant organs is very different from
proliferation in pathogenic associations (Schardl et al.
2004). This difference may become obvious during the early
stages of fungal penetration and infection.

Leaf endophytes, such as Discula umbrinella, penetrate

the epidermis of Fagus sylvatica (beech) leaves directly or
with appressorium-like structures and differentiate only short
subcuticular or subepidermal hyphae similar to hemitrophic
or biotrophic fungi (Viret and Petrini 1994). Gloeosporium
platani, a close relative of D. umbrinella, terminates infec-
tion soon after differentiation of the appressorium (Seifers
and Ammon 1980). The endophytic Rhabdocline parkeri
also penetrates Pseudotsuga menziesii (Douglas-fir) needles
using an appressorium, but infection is restricted to single
cells and intracellular hyphae proliferate only at the onset
of needle senescence (Stone 1988). In addition to direct pen-
etration of the cuticle, stomatal penetration by barely differ-
entiated hyphae is also observed in several endophytes of
Juncus species. Here, infection is restricted to the substoma-
tal chambers and only very little intercellular colonization
occurs (Cabral et al. 1993). It seems that in these endophytic
fungi, the modes of early plant leaf infection are very simi-
lar to those of plant pathogenic fungi (Tucker and Talbot
2001), but proliferation of hyphae is very much restricted.

On the other hand, some endophytic fungi may not need
infection structures for host invasion. For example, species
of Neotyphodium inhabit many Pooideae grasses and form
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intimate relationships with the plants. These asexual endo-
phytes are mostly biotrophic and some seem to disseminate
only by infected seeds (Schardl and Phillips 1997). Growth
of hyphae occurs throughout the stem and appears to be
highly regulated. Apical extension and branching of hyphae
ceases when culm or leaf growth is complete (Christensen et
al. 2002). Infection from the outside of the plant is difficult
and may even require wounding (Latch and Christensen
1985).

The endophyte Stagonospora sp. strain 4/99-1 enhances
growth and biomass of seedlings of the reed Phragmites
australis (Ernst et al. 2003). Hyphae proliferate within all
organs of the plant, but in only approximately 30% of the
seeds (Ernst et al. 2003). In addition to seed transmission,
young, fungus-free seedlings become reinfected after being
planted in Stagonospora-infected soil (Ernst et al. 2003).
Therefore, we investigated, using electron microscopy, how
this endophyte penetrates and colonizes roots. To understand
the beneficial growth of hyphae within host tissue, we
looked for factors that may regulate the interaction between
fungus and plant. We wanted to explain the contrast be-
tween pathogenic qualities, such as penetration and re-
stricted proliferation, which may be prerequisites for the
beneficial influence on the development of the host plant.

Materials and methods

Plant and fungal material
Seeds of Phragmites australis [Cav.] Trin. ex Steudel (Je-

litto Staudensamen GmbH, Schwarmstedt, Germany), were
treated with 70% ethanol (5 min), 5% sodium hypochlorite
(5 min) and, again, 70% ethanol (5 min). After four final
rinses (10 min) in sterile deionized water, seeds were placed
on MS medium (Murashinge and Skoog 1962). After germi-
nation, plants were cultivated in a growth chamber adjusted
to a 16 h cycle of light at 24 8C and 8 h of darkness at
20 8C. Regular white light was used for illumination (Osram
L58W/25 Universal-White, Munich, Germany).

Stagonospora sp. strain 4/99-1 had been isolated previ-
ously from seeds of the reed and was cultivated as described
by Ernst et al. (2003).

Inoculation
For light microscopy, seedlings (4 weeks old) with 1–

2 cm long roots were transferred onto slides with a thin
layer of 1% water agar. Fresh agar plugs with Stagonospora
sp. strain 4/99-1 were placed at a distance of 1, 2, 4, and
8 mm from the roots. To keep air humidity saturated, sam-
ples were kept on wet filter paper in Petri dishes at 20 8C in
the dark. For electron microscopy, root samples with the

agar plugs at a distance of 2 mm from the roots were exam-
ined.

Light microscopy (LM)
Growth of hyphae and infection of plant roots was fol-

lowed 1, 2, 3, 4, and 5 d after inoculation with a Zeiss Axi-
oskop microscope (Zeiss, Jena, Germany) equipped with
Plan-Neofluar 10�, 40�, and 63� lenses (Zeiss, Jena, Ger-
many) using phase contrast or DIC interference contrast.

Low-temperature scanning electron microscopy
(LTSEM)

Two d after inoculation, 10 root samples were mounted
on aluminium stubs with Tissue-tec (Sakura, Tokyo, Japan)
and frozen by plunging the sample into nitrogen slush. After
the removal of ice deposits, samples were coated with 6 nm
platinum within the Alto 2500 (Gatan, Oxford, UK) prepara-
tion chamber and subsequently mounted onto the cryostage
cooled to –125 8C. Observation was performed with a S-
4700 field emission scanning electron microscope (Hitachi,
Tokyo, Japan) running in the normal mode. SEM micro-
graphs were recorded digitally at an acceleration voltage of
2 kV.

Transmission electron microscopy (TEM)
Root samples were fixed at 24 h as well as 2, 3, 4, and

5 d after inoculation by immersion of 10 mm long root
pieces in 2% (v/v) glutaraldehyde in 0.1 mol/L cacodylate
buffer (pH 7.4) with 1 mmol/L CaCl2 and 1% (m/v) sucrose
for 3 h at room temperature. Samples were rinsed six times
in 0.1 mol/L cacodylate buffer (pH 7.4) with 1 mmol/L
CaCl2 and 1% (m/v) sucrose and post-fixed with 1% (m/v)
osmium tetroxide in the same buffer for 2 h at room temper-
ature. Samples were rinsed thoroughly with 0.1 mol/L caco-
dylate buffer (pH 7.4) and then dehydrated in a graded
ethanol series. Fully dehydrated samples were moved from
absolute ethanol through a 1:1 mixture of ethanol and propy-
lene oxide to pure propylene oxide and then infiltrated with
an Epon–Araldit mixture with propylene oxide (1:1) and
embedded in moulds with fresh 100% resin. Samples were
polymerized at 65 8C for 36 h. Ultrathin sections, cut with
a glass knife, were transferred onto formvar coated slot
grids. After drying, the grids were stained with uranyl ace-
tate (30 min) and lead citrate (3 min) and examined with an
EM 10 CR electron microscope (Zeiss, Oberkochen, Ger-
many) at 60 kV. Each sampling time consisted of five var-
iants. From each variant, 20–60 sections were studied.

Immunogold labelling
Polyclonal antisera were prepared against mycelia of

Fig. 1. Two hyphae of Stagonospora sp. strain 4/99-1 that originated from an agar plug and grew toward a reed (Phragmites australis) root
2 mm away. (LM, scale bar = 20 mm.) Fig. 2. Hyphae growing along the anticlinal walls of epidermal cells. Hyphopodia are evident at the
arrows. (LTSEM, scale bar = 2 mm.) Fig. 3. A hyphal branch that has penetrated the host epidermis without obvious signs of cuticle degra-
dation. (LTSEM, scale bar = 1 mm.) Fig. 4. Example of intercellular penetration resulting from a hypha pushing epidermal cells (e) apart.
(LTSEM, scale bar = 1 mm.) Fig. 5. Cross section of a hypha growing within the walls of two adjoining epidermal cells. e, epidermal cell;
h, hypha; cu, cuticle. (TEM, scale bar = 1 mm.) Fig. 6. The wall of a cortical cell, close to an endophytic hypha. The plasmalemma exhibits
extensive bulges (arrows). A vesicle with translucent contents (arrowhead) is evident in the host cell cytoplasm. (TEM, scale bar = 0.5 mm.)
Fig. 7. Advanced stage of vesicle production in the wall of a cortical cell, close to an endophytic hypha: Vesicle contents are electron dense
(arrows). (TEM, scale bar = 0.5 mm.)
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strain 4/99-1 that had been washed with sterile distilled
water, dried, frozen in liquid nitrogen, and pulverized. A
New Zealand white rabbit was immunized with 5 mg of
this powder together with 500 mL of complete Freund adju-
vant biweekly, four times.

To eliminate unspecific interactions of the antiserum with
the plant tissue, sterile reed roots (Ernst et al. 2003) were
frozen in liquid nitrogen and pulverized. Ten grams of this
powder were added to an equal volume of Tris-buffered sal-
ine (TBS, 10 mmol/L Tris-HCl, 150 mmol/L NaCl, pH 7.4),
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sonicated for 5 min (Branson Sonifier 250, Schwaebisch-
Gmuend, Germany), and autoclaved. One volume of the
serum was mixed with half a volume of TBS and half a vol-
ume of the plant extract and incubated for 3 h at ambient

temperature. The mixture was purified by centrifugation for
10 min at 23 100g and the supernatant was used for label-
ling.

Immunogold labelling was carried out by etching ultrathin

Fig. 8. A hypha (h) of Stagonospora sp. strain 4/99-1 growing between two reed (Phragmites australis) cortical cells 4 d after inoculation.
Prominent wall appositions (wa) encase the hypha. (TEM, scale bar = 0.5 mm.) Fig. 9. Immunogold labelling of fungal hyphae 3 d after
inoculation. The label was most dense over fungal hyphae (h). In addition, it extended far into the host cell walls. e, epidermal cell; c,
cortical cell. (TEM, scale bar = 1 mm.) Fig. 10. Example of labelling very close to the plant cell plasma membrane (arrow heads) and also
within a vesicle in the plant cytoplasm (arrow). h, hypha; pc, plant cytoplasm. (TEM, scale bar = 0.5 mm.) Fig. 11. Control section of
infected plant tissue incubated with the preimmune serum and the secondary antibodies coupled to 10 nm gold. (TEM, scale bar = 1 mm.)
Fig. 12. Control section of root epidermal cells incubated with the serum after immunization. This serum was treated with plant extracts and
the secondary antibodies coupled to 10 nm gold. (TEM, scale bar = 1 mm.)
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sections with 10% H2O2 and subsequent incubation in block-
ing solution containing 1% bovine serum albumin acetylated
(BSA-C) in TBS for 20 min. Next, sections were treated
with the primary antibody diluted at 1:100 in blocking solu-
tion for 2 h at room temperature. After washing six times in
TBS, sections were treated with secondary antibodies (goat
anti-rabbit IgG) coupled to 10 nm gold (Aurion, Wagenin-
gen, Netherlands) diluted at 1:20 in TBS. After rinsing with
TBS followed by rinsing in distilled water, sections were
stained with uranyl acetate and lead citrate. Specificity of
the antibodies was assessed by testing the preimmune serum,
the serum after immunisation and purification, and by incu-
bation with the secondary antibody and omitting the primary
antibody step.

Results

Hyphae growing out from mycelia cultivated on agar
plugs proliferated on the agar surface and turned in the di-
rection of roots up to 2 mm away (Fig. 1). Two days after
inoculation, hyphae reached the root surface and produced a
netlike mycelium over the root epidermis. The majority of
hyphae followed the surface furrows produced by anticlinal
walls of epidermal cells and differentiated numerous short
sessile hyphopodia (Fig. 2). Penetration into the root oc-
curred from such hyphopodia or by hyphae, slightly swollen
at the penetration site. There was no good evidence of cu-
ticle dissolution (Fig. 3). Other hyphae pushed epidermal
cells apart and squeezed through the cleft that may have re-
sulted from hyphal tip pressure (Fig. 4). After penetration,

hyphae grew within the walls connecting epidermal and the
first layer of cortical cells (Fig. 5).

As soon as hyphae started to grow between cortical cells,
plant reactions were observed regularly along host walls
close to hyphae. Two days after inoculation, such plant cells
exhibited extensively undulated plasma membranes and
some nearby vesicles were filled with lightly staining mate-
rial (Fig. 6). Three days after inoculation, electron dense
material accumulated within <30% of these vesicles
(Fig. 7). At 4 d after inoculation and later, prominent wall
appositions were seen in all cortical cells close to hyphae.
Finger-like projections of these wall appositions reached
deep into the plant cytoplasm (Fig. 8). No hyphae were ob-
served to grow deeper into the tissue.

To detect fungal excretions possibly responsible for the
host responses noted above, antibodies were raised against
mycelia of Stagonospora. These antibodies, detected with
gold-tagged secondary antibodies, labelled the fungal wall,
and the fungal cytoplasm including the organelles. In addi-
tion, gold label was found regularly within the plant cell
walls (Fig. 9). Some gold particles were observed close to
the plant plasma membrane and up to three very small
vesicles were labelled in each section studied (Fig. 10).
These vesicles were situated within the host cytoplasm,
close to the plasma membrane. In the control sections incu-
bated with the preimmune serum, neither plant nor fungal
structures were labelled (Fig. 11). After immunization, sec-
tions of root epidermal cells incubated with the purified se-
rum did not label any constituents of the plant cell above
background (Fig. 12).

Fig. 13. Apparent attempted penetration by the endophytic fungus (Stagonospora sp. strain 4/99-1) into the cortical cell wall of the reed
(Phragmites australis). A prominent papilla (p) is obvious. h, hypha; c, cortical cell. (TEM, scale bar = 1 mm.) Fig. 14. Epidermal cell (e)
and dead cortical cell (c). Some hyphae (h) exhibiting intact cytoplasmic contents are visible within the necrotized cortical cell. Apparently
these hyphae did not proliferate deeper into the plant tissue. (TEM, scale bar = 1 mm.)
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Some hyphae growing within the host wall started to pen-
etrate into the cortical cells (Fig. 13). These host cells pro-
duced prominent papillae (Fig. 13). We examined serial
sections of 6 papillae out of 18 found. In these six cases,
penetration by Stagonospora sp. strain 4/99-1 were blocked
and the plant cells remained alive as indicated by the pres-
ence of an apparently intact plasmalemma (Fig. 13).

On rare occasions, we found single cortical cells with de-
generated contents that had been invaded by hyphae
(Fig. 14). Such hyphae exhibited organized organelles, but
remained restricted to that cell and never were observed to
grow deeper into the tissue.

Discussion
Endophytic fungi can perform important functions for the

competitiveness of their hosts within the environment. The
most important roles are protection from herbivory (Schardl
and Phillips 1997) or from disease (Arnold et al. 2003).
Other examples include increased thermotolerance for plants
growing in geothermal soils (Redman et al. 2002), survival
in competitive plant communities (Clay and Holah 1999),
and enhanced plant growth under limited nutrient supply
(Ernst et al. 2003; Schardl et al. 2004; Schulz and Boyle
2005). Ortiz-Garcia et al. (2003) demonstrated that Lopho-
dermium comprises both needle cast pathogens and asymp-
tomatic endophytes. In Picea, pathogenic species occupy
derived positions in the pine clade and it is suggested that
pathogenicity has evolved from endophytism.

This study with Stagonospora describes the behaviour of
fungal hyphae on and within plant root tissue in a beneficial
combination. The reaction of host cells to hyphae helps to
characterize the quality of the interaction. On agar, hyphae
of Stagonospora sp. strain 4/99-1 grew in the direction of
the root and along the anticlinal walls of the root epidermis.
These observations suggest a recognition of root exudates
and thigmotropic responses on the epidermis. More experi-
ments are needed to characterize the role of plant exudates.
Replicas of root surfaces might elucidate a possible thigmo-
tropic response similar to what has been observed with sev-
eral plant pathogens (Staples and Hoch 1997).

Penetration events of the root epidermis by Stagonospora
included undifferentiated hyphae, hyphopodia (Walker
1980), or hyphae pushing epidermal cells apart. This mode
of penetration is very similar to that reported for Fusarium
spp. pathogenic in many different plants. For example Fusa-
rium oxysporum f.sp. lilii preferably penetrates anticlinal
walls (Baayen and Rijkenberg 1999) while F. oxysporum
f.sp. lini and F. oxysporum f.sp. vasinfectum penetrate both
anticlinal walls and epidermal cells (Rodriguez-Gálvez and
Mendgen 1995b; Kroes et al. 1998). Also Microdochium
bolleyi, a fungus with beneficial effects to plants penetrates
the epidermis of both reed and Hordeum vulgare (barley)
roots in a similar way (Hemens et al. 1992; Damm et al.
2003). The observation that barely differentiated hyphae
penetrate anticlinal epidermal walls or push epidermal walls
apart suggests that different mechanisms of penetration co-
operate. A combination of mechanical forces and enzymatic
activities is known to contribute to the success of plant
pathogenic infection (Wirsel et al. 2004).

However, further development of hyphae within the host

tissue differs for parasites and endophytes. Root pathogens
such as Bipolaris sorokiniana can reach the endodermis of
Triticum aestivum (wheat) or barley roots within 2–3 d
(Carlson et al. 1991). The wilt-inducing pathogenic
F. oxysporum massively invades all tissues of Pisum sativum
(pea) roots until it reaches the xylem. Considerable cytoplas-
mic disorganization of plant cells occurs in infected cells
(Beckmann 1987; Benhamou and Garand 2001). In contrast,
a nonpathogenic strain, F. oxysporum Fo 47, initially pene-
trates and colonizes the pea root in a way similar to the
wild type, but hyphae never reach the stele. Fungal growth
is restricted to the outermost root layers and only hyphae
penetrating deeper into the cortex exhibit disorganized cyto-
plasmic contents (Benhamou and Garand 2001). Also, hy-
phae of the beneficial fungus M. bolleyi remain restricted to
the outer cortex of the barley root in aerated soils (Hemens
et al. 1992). In reed roots, under low oxygen conditions, this
fungus invades epidermal cells only. In both examples, ne-
crotic cells are not observed (Hemens et al. 1992; Damm et
al. 2003). These results suggest that at least some endo-
phytic fungi remain restricted to a certain type of plant tis-
sue and grow in a biotrophic interaction.

It appears that Stagonospora sp. strain 4/99-1 is especially
adapted to grow between the walls of the epidermis and the
outermost layer of the root cortex. During subsequent devel-
opment, only single hyphae reach the stem and the leaves of
the plant (Ernst et al. 2003). Several defense reactions of the
host seem to contribute to this restriction. Attempts of most
hyphae to penetrate into the host cell were blocked by papil-
lae. If single hyphae managed to penetrate cortical cells, the
cell content becomes disorganized, similar to the hypersensi-
tive response of plants in biotrophic and hemibiotrophic in-
teractions in an incompatible situation. Host cell necrosis is
thought to restrict further growth of hyphae (Richael and
Gilchrist 1999; Hoeberichts and Woltering 2002). In addi-
tion, abundant wall appositions in host cells close to hyphae
growing nearby indicate that Stagonospora sp. strain 4/99-1
elicits more defense reactions than some Neotyphodium spe-
cies, which proliferate in leaves without any recognizable
response of host cells (Christensen et al. 2002; Schardl et
al. 2004). The wall appositions observed as soon as the fun-
gus penetrated into the cortex of reed are very similar to
wall appositions observed in Gossypium hirsutum (cotton)
roots after infection with F. oxysporum f.sp. vasinfectum.
They include many plant components produced during nor-
mal cell wall synthesis, but are very much enriched by cal-
lose. These wall appositions are the result of secretory
events (Rodriguez-Gálvez and Mendgen 1995a). In ectomy-
corrhizae wall appositions may be produced during the de-
velopment of plectenchyma of hyphae around cortical cells.
These appositions are electron translucent and seem to sup-
port nutrient uptake by the fungus (Kottke and Oberwinkler
1986; Massicotte et al. 1986; Kottke 1997). This may not
represent a typical defense reaction. Cytochemical studies
designed to characterize the different types of wall apposi-
tions in root cells are needed to understand possible func-
tions in each host–fungus interaction, especially in their role
to inhibit fungal proliferation.

Our immunological studies with antibodies raised against
Stagonospora sp. strain 4/99-1 showed that fungal material,
most probably (glyco)-proteins or other wall constituents of
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the fungus, were secreted into the apoplast by hyphae. We
found that secreted fungal molecules reached the plasma-
lemma and labelled vesicles turned up within the host cyto-
plasm. Many fungal molecules, such as oligosaccharides,
glycopeptides, and peptides, are known to be secreted during
infection by plant pathogens (Tenberge et al. 1999). They
are targeted to specific high-affinity binding sites of host
plant membranes (Hahn 1996). After binding to these recep-
tors, plant defense reactions are elicited (Umemoto et al.
1997; Gomez-Gomez and Boller 2002). Endocytosis of re-
ceptors together with their ligands may occur as it has al-
ready been observed in Vicia faba after infection with
Uromyces vignae (Xu and Mendgen 1997). These results
and our experiments suggest that pathogenic and beneficial
fungi share similarities in their interaction with the host
plant.

We conclude that the endophytic lifestyle of Stagono-
spora is characterized by a restricted, balanced growth of
hyphae in defined areas of plant tissue such as the epider-
mis. This equilibrium seems to be maintained by the highly
regulated growth between epidermal cells on one hand and,
on the other hand, appropriate defense-reactions of the host
as soon as hyphae enter the cortex.
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