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that solubilize phosphate and accumulate polyphosphates
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Abstract The present paper reports the presence of
bacteria and yeasts tightly associated with spores of an
isolate of Glomus mosseae. Healthy spores were surface
disinfected by combining chloramine-T 5%, Tween-40, and
cephalexin 2.5 g L−1 (CTCf). Macerates of these spores
were incubated on agar media, microorganisms were
isolated, and two yeasts were characterized (EndoGm1,
EndoGm11). Both yeasts were able to solubilize low-
soluble P sources (Ca and Fe phosphates) and accumulate
polyphosphates (polyPs). Sequence analysis of 18S ribo-
somal deoxyribonucleic acid showed that the yeasts belong
to the genera Rhodotorula or Rhodosporidium (EndoGm1)
and Cryptococcus (EndoGm11). Results from inoculation
experiments showed an effect of the spore-associated yeasts
on the root growth of rice, suggesting potential tripartite
interactions with mycorrhizal fungi and plants.
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Introduction

In addition to the well-known interactions between plants
and fungi, mycorrhizal roots offer excellent ecological
niches for other microbes (Bonfante 2003).The fungal
partner frequently hosts soil microorganisms, which could
be of beneficial influence for fungal physiology and
development (Artursson et al. 2006; Lumini et al. 2006;
Javier and Germida 2003). The microorganisms may either
be derived from the surrounding soil or could be carried by
fungal spores. In fact, from an ecological viewpoint, many
studies have shown that numerous soil microorganisms
interact with hypogeous fungi promoting antagonistic,
competitive, or synergistic activities (Buzzini et al. 2005).

Arbuscular mycorrhizal fungi (AMF) are not only an
essential feature in the biology and ecology of most
terrestrial plants, they also can interact with different
classes of bacteria during their lifecycles (Bonfante et al.
2002). Walley and Germida (1996) observed bacteria
associated with the outer spore wall layer of Glomus
clarum NT4, but they considered their presence to be due
to inefficient decontamination. Bianciotto et al. (1996)
demonstrated that the cytoplasm of Gigaspora margarita
harbors bacterium-like organisms in spores and mycelia.
Bianciotto et al. (2003) identified a new species and
bacterial genus Candidatus Glomeribacter gigasporarum
in the cytoplasm of spores and symbiotic mycelia of the
fungal species G. margarita, Scutellospora persica, and S.
castanea. Some bacteria seem to be obligate, noncultivable
endosymbionts, present through all the steps of the fungal
lifecycle (Lumini et al. 2006). In addition, two filamentous
fungi with different phenotypes and ascomycete-like ribo-
somal deoxyribonucleic acid (rDNA) sequences were
isolated from crushed healthy spores or perforated dead
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spores of S. castanea (Hijri et al. 2002). It is therefore
possible that fungi also have the ability to colonize AMF
spores.

Partida-Martínez and Hertweck (2005) have proposed
new ideas about the importance of endosymbiosis in fungi
and have provided direct evidence to support the endosym-
biont hypothesis from studies of the pathogenic fungus
Rhizopus. They showed that the rhizoxin is not biosynthe-
sized by the fungus itself but by endosymbiotic intracellular-
living bacteria of the genus Burkholderia. However, the
metabolic capabilities of baterial associations in the mycor-
rhizal system are not yet clear. In this paper, we report the
presence of yeasts with a capacity to solubilize phosphate
and accumulate polyphosphates (polyPs) associated with
spores of Glomus mosseae and discuss the potential role of
microorganisms living in association with AMF in their
symbiotic interactions with plants.

Materials and methods

Collection of fungal spores

Certified inocula of G. mosseae (100 g of kaolinitic clay
with spores and hyphae), from the mycorrhizal strain
collection of the National Institute of Agricultural Sciences,
Cuba, were inoculated into pot cultures where sorghum
(Sorghum vulgare L.) was grown. After 90 days, shoots
were severed, and the soil with mycorrhizal roots was
used as source of spore inoculum (Fernández Martín et
al. 2002). The homogenized soil material was stored at
4°C. The spores were harvested and separated by wet
sieving and centrifugation in water/sucrose–solution gra-
dient (720 g of sucrose and 20 mL L−1 of Tween-80 in
water; slightly modified from Herrera-Peraza et al. 2004),
and the spores were recovered from the sucrose interface.
Debris and damaged or discolored spores were removed
manually.

Surface decontamination of AMF spores

Two methods for spore surface decontamination were used:
as per Nair et al. (1991) modified by Reis et al. (1999; N-R
method) and the CTCf method developed during this study.
The CTCf procedure consisted of five rinses changing the
whole volume of the 2 mL vial with chloramine-T 5%.
After the second rinse, 10 μL of Tween-40 was added into
the vial, and the spores were subjected to further three
rinses in chloramine-T. The final step of decontamination
was done with 1 mL cephalexin solution (2.5 g L−1). The
spores remained in the antibiotic solution for 16 h at 4°C
and were then rinsed three times with sterile distilled water.
A sieve of 40 μm was used as a filter at the top of the vial

to avoid the loss of spores during rinsing. All materials
were sterilized, and the process was carried out under
aseptic conditions.

Spore inoculation onto agar media

Intact spores (∼30) sterilized as above (three replications for
the N-R method; five replications for the CTCf method)
were inoculated onto three growth media: LGI-P (Döbereiner
et al. 1993), modified by adding 1.34 g L−1 of yeast extract,
nutrient agar (NA; 28 g L−1; BIOCEN, Havana, cod. 4009),
and starch–yeast extract–peptone (SYP; Caballero Mellado
and Martínez Romero 1994). Surface-sterilized spores (∼30)
using the CTCf method were also macerated in a sterilized
porcelain mortar in small volumes of sterile distilled water
(1 mL final volume), and suspensions of spore fragments
were inoculated (0.1 mL) onto the three agar media.
Microbial colonies were isolated after incubation for 7 days
at 30°C and purified by four consecutive streaks in LGI-P
media.

Microscopy and staining

Detailed examination of colonies and morphological char-
acterization was performed using a stereoscopic micro-
scope. Fluorescence microscopy was performed with an
Olympus BX40 microscope with the cube WU (Excitation
filter 380–385 nm, Barrier filter 420 nm) and a ×40
objective for polysaccharide and polyphosphate detec-
tion. β-1,4-Hexapyranose polysaccharides were stained
in 1 mg mL−1 Calcofluor (CI 40622, Sigma) in water with
NaOH (Melasniemi and Hernesmaa 2000). Microor-
ganisms from LGI-P solid medium were spread on a slide,
and two droplets of calcofluor solution were added. After
30 min, the sample was observed by fluorescence micros-
copy using UV excitation. 4′,6-Diamidino-2-phenylindole
(DAPI; Hung et al. 2002), toluidine blue (Melasniemi and
Hernesmaa 2000), and methylene blue (Grocetti et al. 2000)
were used to detect polyPs.

Biochemical characteristics

The biochemical characteristics determined were: catalase
(24 h cell growth), indole production, and starch hydrolysis
(72 h cell growth; Harrigan and McCane 1968), acid
production from arabinose, maltose, glucose, mannitol, or
sucrose (Gordon et al. 1973), and nitrate reductase (72 h cell
growth; Koneman et al. 1997).

Phosphate solubilization

Cells of 7-day-old cultures in SYP liquid medium were
pelleted by centrifugation, washed, and suspended in
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0.2 mL of National Botanical Research Institute (NBRI)
medium without phosphate and then dropped onto NBRI
phosphate growth (NBRI-P) solid medium (Nautiyal 1999)
containing β-Ca3(PO4)2 or FePO4 (5g L-1) as a phosphate
source. Phosphate solubilization was evaluated the formation
of a clear halo and by subtracting colony diameter from the
clear halo diameter. Phosphate solubilization was quantified
by inoculating isolates onto the NBRI-P medium (Nautiyal
1999) containing β-Ca3(PO4)2 or FePO4. Soluble phosphate
was measured in the supernatant using the phospho-
molybdic method (Jackson 1958).

Effect of isolates on plant growth

Seeds of rice (Oryza sativa) were disinfected with 0.1%
HgCl2, rinsed several times with sterile distilled water, and
sowed onto semisolid agar (2%) LGI-P medium, modified
by decreasing sucrose concentration (2%). The isolates
were coinoculated by adding 100 μL of a 72-h culture of
each microorganism (growing in liquid SYP medium) onto
the LGI-P medium at the moment of seed implantation.
Length, number, and dry weight of roots per plant were
determined 10 days later; six plants per treatment were
measured.

DNA extraction, polymerase chain reaction,
and sequencing

All procedures were carried out as described by Persoh and
Rambold (2002), using 60–80 μg of the purified microbial
isolates for DNA extraction and employing the primers:
ITS4: –TCC TCC GCT TAT TGA TAT GC– (White et al.
1990) and 1055F: –GGT GGT GCATGG CCG– (Gunderson
et al. 1986)

Results

Spore disinfection

The method of Nair modified by Reis et al. (1999) was not
effective for disinfecting spores. Twenty-four, 48, 72, and
96 h after inoculation of “disinfected” spores onto the
growth media, bacterial-like and fungal-like colonies
appeared around the spores (Table 1). The results were
consistent in three different trials. The CTCf method
developed during this study was effective for spore
disinfection. Seven days after inoculation of disinfected
spores on different growth media, no growth of micro-
organisms on the media around the CTCf-disinfected spores
was detected (Table 1). The same result was obtained five
replicate trials.

Characteristics of microorganisms isolated from macerated
spores disinfected using the CTCf method

After inoculation of macerated spores disinfected with the
CTCf method, growth of different types of colonies was
evident on the three media (Table 1). Seven days later, it
was possible to differentiate about 30 types of colonies. The
majority of the isolates were obtained on the LGI-P media.
Nine of the isolates have survived storage on the LGI-P
agar for 5 years. Bacteria-like microorganisms were micro-
biologically and biochemically characterized, but it has not
been possible to identify them molecularly. Consequently,
only the yeast-like microorganisms have been studied
further here.

After 7 days growth, the yeast-like colonies were round
with a continuous margin, opaque, convex, and easily
emulsified with a cream-like consistency. Studies were

Table 1 Type of colonies detected on plates (three replications) after inoculation with intact spores of G. mosseae disinfected with the Nair–Reis
(N-R) or the CTCf methods or with macerated spores previously disinfected with the CTCf method

Disinfection
treatment—spore
condition

Observationsa, b

24 h 48 h 72 h 96 h

NA LGI-P SYP NA LGI-P SYP NA LGI-P SYP NA LGI-P SYP

N–R method—
intact spores

− or B − − B and F − F B and F − B and F B and F − or B B and F

CTCf method—
intact spores

− − − − − − − − − − − −

CTCf method—
macerated spores

+ B
and Y

− − ++ B
and Y

− + B
and Y

+++ B
and Y

− ++ B
and Y

+++ B
and Y

+ B
and Y

+++ B
and Y

CTCf chloramine T–Tween–cephalexin method
aB Bacteria-like colonies, F fungal-like colonies, Y yeast-like colonies
b − No growth detected, + microbial growth (+, 1–5; ++, 6–8; +++, 9–20 colonies per plate of 9 cm diameter)
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focused on two isolates: EndoGm1 and EndoGm11. The
colonies of EndoGm1 were orange or white in color
(FF655D) with an average diameter of 1.9±0.7 mm after
7 days; EndoGm11 colonies were beige or white in color
(FFCC00) and 2.2±0.6 in diameter (Table 2). Both isolates
grew in the presence of 3% NaCl. Cells of the yeast-like
colonies were hexagonal in shape with no determinable
Gram reaction.

The isolate EndoGm11 was able to ferment all carbon
sources tested (Table 2). Both yeast-like isolates were
facultatively anaerobic and grew under natural air or in a
chamber without oxygen.

Budding and pseudomycelium formation were charac-
teristic of EndoGm1 and EndoGm11. Additionally both
fluoresced when treated with calcofluor white indicating the
presence of chitin, a component of fungal cell walls (Pringle
1991; Melasniemi and Hernesmaa 2000). In the 18S rDNA
analyses, 1,037 bases were sequenced for EndoGm1 and
1033 bases for EndoGm11. Sequences are registered at the
National Center for Biotechnology Information database
with accession number DQ643976 for EndoGm1 and
DQ643977 for EndoGm11. Growth characteristics and
sequence analyses concord that the two isolates are yeasts.

Comparison of 18S rDNA sequences indicated that
EndoGm1 was closely related to the yeasts Rhodotorula
glutinis (score=1,275 bits [643], identity=99%), Rhodo-
sporidium babjevae (score=1,092 bits [551], identity=
99%), Rhodosporidium diobovatum (score=1,086 bits
[548], identity=99%), and Rhodotorula mucilaginosa
(score=1,076 bits [543], identity=98%), all with an E
value of 0.0. R. diobovatum is a teleomorph of R. glutinis
(de Hoog et al. 2000). The isolate EndoGm11 shows
homology to the yeasts Cryptococcus albidosimilis (score=
1,228 bits, identity=100%), Cryptococcus liquefaciens
(score=1,122 bits, identity=100%), and Cryptococcus
diffluens (score=1,120 bits, identity=99%), all with an E
value of 0.0. C. albidosimilis was isolated for the first time
from Antarctic soils by Vishniac and Kurtzman (1992), C.
diffluens from a diseased fingernail in Austria, and C.
liquefaciens from Sake-moto in Japan (Fonseca et al. 2000).
According to Fonseca et al. (2000), C. diffluens, C.

liquefaciens, and C. albidosimilis use nitrate as a nitrogen
source; however, EndoGm11 did not show nitrate reductase
activity (Table 2).

Phosphate solubilization, polyPs formation, and effect
of on root growth

The majority of the bacteria-like and yeast-like isolates that
have been maintained to date produced a clear halo on a
medium containing tricalcium phosphate or ferric phos-
phate. The size of the halo and the concentration of soluble
phosphate produced after 72 h by EndoGm1 and
EndoGm11 are presented in Table 3. The isolates also
accumulated polyps, detected by staining with DAPI,
toluidine blue, or methylene blue (Fig. 1). With DAPI,
polyPs gave an intense yellow fluorescence against a bluish
background of cells without polyPs (Hung et al. 2002).
PolyPs-containing cells are visualized with toluidine blue
by a dark blue or purple color (Melasniemi and Hernesmaa
2000). With methylene blue, polyps-containing cells appear
dark blue against bluish background (Grocetti et al. 2000).

Inoculation of EndoGm1 and EndoGm11 from G.
mosseae spores affected root growth of rice seedlings
(Fig. 2). At the concentrations used in the in vitro
experiments (2.107 cell per milliliter), EndoGm1 stimulated
the amount of roots produced by rice plantlets, but
EndoGm11 had an inhibitory effect on length and dry
weight of roots. Indole production was detected in both
isolates using the Kovacs reagent. Auxin promotes or
inhibits plant growth depending on its concentration, and
auxin concentration in the root environment could depend
on production efficiency and size of the yeast population
established on roots.

Discussion

The external disinfection of G. mosseae spores was
successful with the CTCf method, and no microbial growth
was observed after 7 days on the three media inoculated
with clean intact spores. The main purpose of AMF spore

Table 2 Biochemical characteristics of the isolates obtained from disinfected spores of G. mosseae

Isolate ID Acid productiona from Colony colora, b Enzymes activity

Ara Malt Glc Man Suc SYP + NaCl 3% Potato Agar NFb Starch hydrolysis Nitrate reductase Catalase

EndoGm1 − + + + + O O W − − +
EndoGm11 + + + + + W B W − − +

Ara Arabinose, Malt maltose, Glc glucose, Man mannose, Suc sucrose
a 7-day growth
bO Orange, W white, B beige
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disinfection has been to eliminate microorganisms while
conserving spore viability for in vitro germination (Walley
and Germida 1996), so that chloramine T at concentrations
higher than 2% have been generally avoided. In the present
work, chloramine T was used at a concentration of 5% for
the CTCf method to assure elimination of any superficial
microbial contaminants. The incorporation of the surfactant
Tween-40 at low concentrations improved the effect of
antimicrobial agents by increasing their contact on/adsorp-
tion to the cell wall (Buck 2003). Usually after treatment
with chloramine T, AMF spores are subsequently rinsed in
an antibiotic, the most frequently used being streptomycin–
gentamycin solutions (Fortin et al. 2002). Streptomycin has
been used at concentrations in the range 100 to 300 mg L−1

(Bianciotto et al. 2000; Reis et al. 1999). For the CTCf
method, the antibiotic cephalexin was used at a concentra-
tion of 2,500 mg L−1. This high concentration of antibiotic,

together with the combination of Tween plus Chloramine T
at higher concentrations than previous methods, was one of
the key factors responsible for the successful disinfection of
G. mosseae spores and certainly helped to prepare con-
ditions suitable for the detection and isolation of micro-
organisms tightly associated with the spores. The isolates
obtained could be internal to the spores or imbricated in the
spore walls.

Two of the isolates are yeast-like microorganisms. This
is concluded from their growth characteristics, capacity for
budding, formation of pseudeomycelia, presence of chitin
in the cell wall, and 18S rDNA sequencing. The isolate
EndoGm1 belongs to the genus Rhodotorula or Rhodo-
sporidium, while EndoGm11 is a species of Cryptococcus
with close similarity to C. albidosimilis, C. liquefaciens,
and C. diffluens. The fact EndoGm11 lacks nitrate reductase
activity while the three Cryptococcus species use nitrate

Table 3 Concentration of solubilized phosphate by 106 colony-forming units (liquid NBRI-P medium) and halo size per colony growing in plates
with NBRI-P medium, prepared with Ca or Fe phosphate

Isolate ID Ca3(PO4)2 FePO4

μg P mL−1 Halo diameter (mm) μg P mL−1 Halo diameter (mm)

EndoGm1 8 2 4 1
EndoGm11 5 8 10 6

Microorganisms grew for 72 h at 30°C; n=3

Fig. 1 Dark cells with polyPs
(arrows) after staining
a EndoGm1 cells with toluidine
blue and b EndoGm11 cells
with methylene blue. d Yellow
fluorescence (YF) in cells of
EndoGm1 containing polyPs
was revealed after staining with
DAPI and not observed in a
control preparation (c). Both
yeast isolates revealed similar
results with each polyPs staining
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(Fonseca et al. 2000) suggests that EndoGm11 from G.
mosseae spores could be a different species of Cryptococcus.

The discovery of microorganisms tightly associated with
spores of AMF raises the question about the role of these
organisms in the fungal lifecycle. The spores of Glomus are
reported to contain high amounts of lipids (Beilby and
Kidby 1980). Lipids in the spores could also function as a
carbon source for these microorganisms. It is highly
probable that EndoGm1 is a species of Rhodotorula, and
lipase activity has been demonstrated in this genus
(Paskevicius 2001). In this context and if spore lipids are
accessible, they could provide a carbon source to associated
yeasts. We hypothesize that the yeasts associated with the
G. mosseae spores have beneficial effects on the AMF–
plant symbiosis. A positive effect of R. mucilaginosa on
AMF has previously been reported (Fracchia et al. 2003).
An extract of R. mucilaginosa increased hyphal length of
G. mosseae and spore production in Gigaspora rosea. The

yeast also had a beneficial effect on the mycorrhizal
colonization of soybean and red clover (Fracchia et al.
2003).

Basidiomycetous yeasts of the genus Cryptococcus have
previously been reported to be associated with plant roots
and spores of mycorrhizal fungi collected from grassland
(Renker et al. 2004). The authors did not isolate the
microorganisms but used nuclear rDNA for detecting the
yeasts. As the spores were not externally disinfected, it is
not possible to determine whether the yeasts were external-
ly and/or internally associated with spores of the fungi.

Recent studies have reported the presence of Rhodotorula
and Cryptococcus yeasts in the truffle ecosystem (ecto-
mycorrhizas). Zacchi et al. (2003) detected Cryptococcus
albidus, Cryptococcus humicolus, R. mucilaginosa,
Debaromyces hansenii, and Saccharomyces paradoxus in
truffles associated with Quercus pubescens or Corylus
avellana. Buzzini et al. (2005) isolated strains of Crypto-
coccus sp., D. hansenii, R. mucilaginosa, Trichosporon
moniliiforme, and Candida saitoana from ascocarps of
black and white truffles. Barbieri et al. (2005) found a
microbial community associated with ascocarps of Tuber
borchii Vittad.

Both yeast isolates obtained from G. mosseae spores
solubilize nonsoluble phosphates. In the medium with
tricalcium phosphate or ferric phosphate, the size of halos
formed after 72 h ranged between 2 and 8 mm, which is
similar to halo diameters reported by Nautiyal (1999) for
microorganisms after 14 days. The concentration of P
solubilized after 72 h by the yeasts from G. mosseae spores
was of the same order of magnitude as for the majority of
the outstanding phosphate-solubilizing strains reported by
Nautiyal (1999). With FePO4 as a nonsoluble phosphate
source, the growth of the microorganisms was less than
with Ca3(PO4)2 (data not shown). A direct relationship
between the capacity for clear halo formation in the
medium with nonsoluble phosphate and the concentration
of soluble phosphate that appear in the supernatant after the
action of the microorganisms isolated from the spores did
not occur in all instances. We have no explanation for this,
but this situation was also reported in other previously
published papers (Nautiyal 1999).

The yeasts isolated from G. mosseae spores showed the
capacity to accumulate polyPs. polyPs are widespread in
cells of living organisms including microorganisms, ani-
mals, and plants. The greatest quantities of polyPs are
found in microbial cells where they play a significant role
in increasing cell resistance to unfavorable environmental
conditions and regulating different biochemical processes
(Kulaev and Kulakovskaya 2000). The high capacity of
EndoGm1 and EndoGm11 to solubilize nonsoluble phos-
phate, together with their ability to accumulate polyPs, may
reflect an activity of these microorganisms in AMF-
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Fig. 2 Effect of yeasts isolated from macerated disinfected spores of
G. mosseae on the root growth of O. sativa seedlings (10 days old) in
low-sugar semisolid LGI-P medium, inoculated with 72-h-old cultures
(in SYP) at sowing. Different letters reveal significant differences
at p<0.05
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facilitated phosphorus supply to plants. These data, together
with the effect of the yeasts on root growth, may contribute
to the complex interactions of mycorrhizal fungi and plant
roots. Our data suggest that the spores of G. mosseae
represent an ecosystem shared not only by bacteria but also
by yeasts and support the hypothesis of triple/tripartite
interactions between AMF, plants, and associated micro-
organisms (Bonfante 2003).
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