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Summary — Total soluble proteins from spores of four species of arbuscular mycorrhizal fungi (Gigaspora rosea,
Scutellospora castanea, Acaulospora laevis and Glomus mosseae) have been resolved by two-dimensional elec-
trophoresis. Polypeptide profiles were compared to Gig rosea chosen arbitrarily as a reference. Major differences were
mainly characterized by the disappearance of some polypeptides as compared to Gig rosea. Several polypeptides
were only detected in Gig rosea, S castanea and A laevis. We also investigated polypeptide profiles from spores of G
mosseae germinated in water or in root exudates from two host (myc*) genotypes of Pisum sativum L: the genotype cv
Frisson and a nodulation-defective mutant (P56), and from a non-host (myc™) mycorrhiza-resistant mutant (P2).
Although hyphal growth was weakly stimulated by the pea root exudates compared to water, no difference in the
polypeptide patterns was observed in extracts for spores germinated in either sterilized water or in the various pea root
exudates.

pea genotypes / arbuscular mycorrhizal fungi / polypeptide profiles / spore germination

Résumé — Protéines solubles et profils polypeptidiques de spores de champignhons mycorhizogénes arbuscu-
laires : variabilité interspécifique et effet des exudats racinaires de génotypes héte (myc*) et non-héte (myc-)
de Pisum sativum. Les protéines solubles totales des spores de quatre espéces de champignons mycorhizogénes
arbusculaires (Gigaspora rosea, Scutellospora castanea, Acaulospora laevis et Glomus mosseae) appartenant a
l'ordre des glomales ont été analysées par électrophorése bidimensionnelle. Les profils polypeptidiques ont été com-
parés a celui de G rosea, choisi arbitrairement comme référence. Les modifications les plus importantes se carac-
térisent par la disparition de quelques polypeptides par rapport a G rosea. Plusieurs polypeptides ont été détectés
seulement dans G rosea, S casianea et A laevis. L'analyse de profils polypeptidiques de spores de G mosseae, ger-
mées dans 'eau ou dans les exudats de deux génotypes hotes (myct) (cv Frisson et le mutant non nodulant P56) et
d’'un génotype non-héte (P2) de P sativum a aussi été effectuée. Bien que de faibles stimulations dans la croissance
des hyphes aient été obtenues dans les exudats racinaires par rapport a I'eau, aucune différence dans le profil
polypeptidique n'a été observée.

génotype de pois / champignon mycorhizogéne arbusculaire / profils polypeptidiques / germination de spores
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INTRODUCTION

Arbuscular mycorrhizal (AM) fungi belonging to
the order Glomales are ubiquitous and form
obligate symbiotic associations with the majority
of land plants (Morton and Benny, 1990). The
establishment of an AM association involves a
sequence of events which lead to complex inter-
actions between the two symbionts (Gianinazzi-
Pearson et al, 1988; Bonfante and Perotto,
1995). Hyphal growth of AM fungi is considerably
stimulated by the presence of living host roots
before there is appressorium formation and sub-
sequent root colonization (Hepper, 1984;
Giovannetti et al, 1993b), and there are several
reports that root exudates and volatile com-
pounds from host plants promote spore germina-
tion and hyphal growth of Gigaspora margarita
(Gemma and Koske, 1988; Bécard and Piché,
1989a, b; Gianinazzi-Pearson et al, 1989).
Furthermore, root exudates not only stimulate
hyphal growth, but also induce hyphal ramifica-
tion (Gianinazzi and Gianinazzi-Pearson, 1990;
Giovannetti et al, 1993b). Interestingly, root exu-
dates from Pisum sativum L cv Frisson (myct)
and its isogenic mycorrhiza-resistant mutant P2
(myc~) (Duc et al, 1989) both have stimulatory
effects on hyphal growth of Glomus mosseae
(Giovannetti et al, 1993a). The presence of CO,
or flavonoid compounds similarly have a positive
effect on hyphal growth of Gigaspora and
Glomus species (Gianinazzi-Pearson et al, 1989;
Bécard et al, 1992; Morandi et al, 1992; Poulin et
al, 1993). All these phenomena, indicating the
ability of AM fungi to grow before the process of
root colonization begins, imply that they have the
ability to synthesize new molecules necessary for
enhanced metabolism and hyphal growth. Beilby
and Kidby (1982) reported that protein synthesis
was essential for spore germination in G caledo-
niumn, but at present, information dealing with
qualitative protein/polypeptide modifications dur-
ing spore germination and/or hyphal growth prior
to plant infection is not available. The aim of the
present work was to study by two-dimensional
gel electrophoresis (2D-PAGE): i) polypeptide
contents of spores of four AM fungal species
from different genera (Gigaspora, Acaulospora,
Scutellospora and Glomus) and ii) the influence
of P sativum root exudates on polypeptide modifi-
cations during spore germination and hyphal
growth of the AM fungus G mosseae. Three
kinds of exudates were tested: two from AM pea
genotypes (myc*) (cv Frisson and its mycorrhiza-
forming, non-nodulating [nod-] mutant P56), and
one from the mycorrhiza-resistant, non-nodulat-

ing (myc— nod~) pea genotype (P2) (Duc et al,
1989).

MATERIALS AND METHODS

Fungi

Spores of Acaulospora laevis Gerd and Trappe
(BEG13), Gigaspora rosea Nicolson and Schenck
(BEGY), Scutellospora castanea Walker (BEG1) and
Glomus mosseae (Nicol and Gerd) Gerdemann and
Trappe (BEG12) were sampled from 1-year-old stock
cultures of Allium porrum L cv Verino of the BEG
(Banque Européenne des Glomales [Dodd et al,
1994]). Spores were separated from soil by wet sieving
(Gerdemann and Nicolson, 1963) and centrifugation
on a Percoll gradient (Hosny et al, 1996), then select-
ed individually under a stereomicroscope. To test the
effects of root exudates, spores from G mosseae
(50 mg fresh weight spores [about 4 000)/treatment)
were surface sterilized with a solution containing chlo-
ramine T (2%), streptomycine (0.02%), gentamycine
(0.01%) and Tween 80 (0.01%) for 8 min and washed
with 1 L of sterilized deionized water. Surface-sterilized
spores were incubated in the exudates (see later) or in
sterilized deionized water in the dark at 4 °C for 15
days. To analyze polypeptide contents, 500 spores
from each fungal species were individually collected
under a stereomicroscope and then washed several
times in 500 mL deionized water. Spores were gently
dried and stored at —70 °C until subsequent protein
extraction.

Collection of root exudates

Seeds of P sativum cv Frisson (myc* nod*), its
mutants P56 (myc* nod-) and P2 (myc~ nod-) were
surface sterilized in 3.5% calcium hypochlorite for
10 min followed by 10 min in ethanol, and pre-germi-
nated at 20 °C in the dark for 8 days in sterilized ver-
miculite. Five seedlings of each genotype were asepti-
cally transferred to 25 mL sterilized deionized water so
that their root systems were submerged, and placed
for 5 days in a growth chamber (20 °C, 70% relative
humidity, 16 h photoperiod, 220 pmol m—2 s-1). Root
exudates were collected aseptically and filtered on 0.2
pm Sartorius filters.

Spore germination and hyphal growth

Five mL of root exudates from each of the three pea
genotypes were used to germinate 50 mg fresh weight
of spores of G mosseae. Controls consisted of replac-
ing root exudates with autoclaved deionized water. All
spore samples were germinated in 25 mL sterilized
bottles at 4 °C in the dark for 15 days (Pons and
Gianinazzi-Pearson, 1984). Germinated spores were
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collected on nitrocellulose membranes by vacuum fil-
tration using a Millipore (Millipore evase) column,
washed several times with autoclaved deionized water,
surface dried and stored at —70 °C until extraction.

Protein extraction for 2D-PAGE

Proteins were extracted according to Dumas-Gaudot
et al (1994) with the following modifications. The
frozen spores were carefully ground in a small mortar
with liquid nitrogen; the resulting powder was suspend-
ed in 300 pl of extraction buffer (500 mM Tris-HCI pH
7.5, 50 mM EDTA, 0.1 mM KCI, 10 mM Thiourea, 700
mM sucrose, 2 mM phenylmethylsulfonylfluoride
[PMSF], 2% (v/v) 2-mercaptoethanol [2-MCE]). An
equal volume of redistilled phenol saturated with Tris-
HCI 100 mM pH 7.5 was immediately added to the
spore extracts. The mixture was shaken at 4 °C for 15
min, and then centrifuged at 13 000 g for 30 min. The
phenolic phase was collected, mixed with an equal vol-
ume of extraction buffer, and centrifuged 20 min at 10
000 g. Five volumes of methanol containing 100 mM
ammonium acetate were added to the phenolic phase
and proteins were precipitated overnight at —20 °C.
The protein pellet was collected by swing centrifuga-
tion and washed once with methanol, and twice with
acetone at —20 °C. The pellet was dried under N, for
10 min at room temperature, resuspended in 300 pl
O'Farrell lysis buffer (950 mM urea, 1% Nonidet P40,
5% ampholytes [50% LKB 3.5-10, 25% LKB 5-8 and
25% Servalytes 3-10], 2% 2-MCE) 2 h at room temper-
ature and clarified in an Eppendorf air-drive ultracen-
trifuge for 15 min at 170 000 g. Supernatant samples
were stored at —70 °C. Protein content was determined
according to Bradford (1975) with the modifications
suggested by Ramagli and Rodriguez (1985). Twenty-
five ug protein were loaded on gels for comparisons of
protein profiles from spores of the four AM fungal
species, while 70 ng were loaded for comparisons
between ungerminated G mosseae spores and spores
germinated either in water or in root exudates.

2D-PAGE was carried out according to O’Farrell
(1975) with the following modifications. The first
dimension was in isoelectrofocussing gels (IEF) (18 x
1.5 mm) containing 950 mM urea, 0.5% (v/v) Nonidet
P40, 27 mM CHAPS, 4.73% (v/v) polyacrylamide,
0.27% (v/v) N-N’' bis-acrylamide, 5.5% (v/v)
ampholytes (20% LKB 5-8, 40% LKB 3.5-10, 40%
Servalytes [Serva] 3-10), 0.1% Temed and 0.2%
ammonium persulphate. The lower reservoir was filled
with 10 mM HzPO,, while the upper reservoir con-
tained 100 mM NaOH. After 1 h pre-electrofocussing
at 1 000 V, the protein samples were applied at the
basic end of the IEF gels and submitted to elec-
trophoresis at 1 000 V for 15 h. After extrusion, each
gel was equilibrated in 5 mL 70 mM Tris-HCI pH 6.8,
5% sodium dodecylsulphate (SDS), 5% (v/v) 2-MCE
and 0.03% bromophenol blue for 20 min and then in
the same buffer supplemented with 270 mM iodoac-
etamide (Goérg et al, 1987) for 20 min. The second
dimension was carried out in 12% polyacrylamide

SDS-PAGE (20 x 16 cm) according to Dumas-Gaudot
et al (1994). After SDS-PAGE, proteins were fixed
overnight in a mixture of methanol/acetic acid/water
(50/12/13). Visualization of polypeptides was by silver
staining (Blum et al, 1987). Analyses of the four AM
species were repeated three times, and experiments
on G mosseae spore germination twice. The molecular
weight (MW) and isoelectric point (pl) values of
polypeptides were estimated from their migration in the
gel in relation to that of standard proteins with known
MW and pl (Bio-Rad 2D-standards). Furthermore, in
each IEF electrophoresis, the range of pH was also
determined according to O’Farrell (1975). Changes in
the relative accumulation of polypeptides were visually
evaluated.

RESULTS

Spore protein concentrations
and polypeptide patterns of AM fungi
belonging to four different species

Spores of similar size within each fungal species
were taken for protein analyses. Spore diameters
varied among the species examined ranging from
an average of about 100 um for the smallest (G
mosseae) to about 300 um for the largest (S cas-
tanea) (Morton et al, 1993; Hosny et al, 1996).
The protein concentration in spores of S cas-
tanea (0.63 pg protein/spore) was very close to
that of Gig rosea while those of the two other
genera, A laevis and G mosseae, were signifi-
cantly lower with 0.465 pg/spore and 0.189
ug/spore, respectively (table 1). Interestingly, the
protein concentration of spores belonging to the
four species was proportional to their respective
spore size (table I).

A total of about 200 polypeptides from S cas-
fanea and Gig rosea, 80 polypeptides from A /ae-
vis and at least 100 polypeptides from G
mosseae spore extracts were resolved with good
reproducibility by 2D-PAGE. The four species
had polypeptides ranging from 76 to 14 kDa with
a pl between pH 4.5 to 8.0. For more detailed
comparisons between spore extracts of the differ-
ent fungi, identical areas were selected in the
gels in the range of pH 5 to 7.5 and molecular
weights 66 to 15 kDa. These areas were those in
which major polypeptide differences were
observed (fig 1). Two-dimensional polypeptide
patterns of Gig rosea spore extracts were chosen
as the reference (fig 1A). The altered polypep-
tides were characterized by both their MW and pl
and were labelled by the letters r, ¢ or d accord-
ing to whether they were present in Gig rosea, S
castanea or A laevis respectively (table 11). Some
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Table I. Spore diameter, protein concentration and number of polypeptides resolved by 2D-PAGE in different species

from four arbuscular mycorrhizal fungi.

Spore species

Scutellospora castanea  Gigaspora rosea

Acaulospora laevis Glomus mosseae

Mean spore 300
diameter* (um)

Protein content (ug) 0.630
per spore (£0.17)
Number of polypeptides 200
resolved by 2D-PAGE x9)

(+ 0.298)

250 190 100
0.603 0.465 0.189
(£ 0.057) (+ 0.085)
200 80 100
(+ 8) (£ 5) *7)

Values of the protein content represent the mean of three replications. Standard errors are indicated in parentheses. * According to

Hosny et al (1996).

polypeptides were common to all four species,
while in S castanea, G mosseae and A laevis
others were either additional to or missing from
the reference profile of Gig rosea. At first sight,
polypeptide profiles of Gig rosea (fig 1A) and S
castanea (fig 1B) looked rather similar, and
strongly differed from those of A laevis (fig 1C)
and G mosseae (fig 1D). However, closer com-
parison between the 2D-PAGE profiles of Gig
rosea and S castanea revealed differences
which concerned at least 34 polypeptides.
Twenty-two of these (labelled r1 to r22 in fig 1A
and table il) were only present in Gig rosea,
while 12 other polypeptides (labelled ¢1 to ¢c12 in
fig 1B and table Il) were only detected in S cas-
tanea. When the 2D-PAGE profiles of Gig rosea
and A Jaevis were compared, as many as 120
polypeptides were different (table |). Attention
was focussed on 18 polypeptides showing a
greater staining intensity in the selected area.
Seven of these polypeptides (labelled d1 to d7 in
fig 1C and table I} were only detected in A
laevis, whereas the others were only present in
Gig rosea (labelled r8, r18 to r20 and r23 to r29
in fig 1A and table Il). Differences in polypeptide
patterns between Gig rosea and G mosseae
were also very important. Among the 100
polypeptides that were different between the two
species (table I}, 36 more intensely staining
polypeptides only present in Gig rosea were ana-
lyzed in more detail for their MW and pl (r3, r4,
18, r12, ri5 to r17, r21 to r27 and r30 to r51 in fig
1A as compared to fig 1D, and table II). All of the
polypeptides found in G mosseae extracts were
also detected in Gig rosea (fig 1A, D).

Besides these obvious differences in polypep-
tide patterns, some resolved polypeptides
appeared to be common to the different fungal
species. These are given in table Ill. For exam-
ple, polypeptides labelled r15, r17 were common
to Gig rosea and A laevis, while polypeptides r18
and r19 were common to Gig rosea and G
mosseae, and those labelled r23 to r27 were
common to Gig rosea and S castanea. Finally,
some polypeptides were only present in one of
the species such as the polypeptides c5 to c8 in
S castanea, or d1 to d3 in A Jaevis.

Fungal mass and polypeptide patterns
in germinated spores of G mosseae

In G mosseae spores germinated in water or root
exudates for 15 days, increases in fungal mass
were observed which varied from 16 mg for
spores germinating in water to a mean of 20 mg
for those germinating in pea root exudates (table
V). However, these values were not statistically
different. A small fraction of germinating spores
of G mosseae from each treatment were sam-
pled and stained with 0.1% trypan blue.
Observations under the stereomicroscope con-
firmed the presence of germ-tube hyphae grow-
ing from spores of G mosseae.

Soluble protein concentrations in extracts from
spores of G mosseae were very similar (data not
shown), whether they germinated in water or in
pea root exudates from myct nod+ cv Frisson,
myct nod™ P56 or myc— nod- P2 genotypes. 2D-
PAGE of the fungal extracts, representing a mix-
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Fig 1. Silver-stained 2D-PAGE gels of soluble proteins from spores of Gigaspora rosea (A), Scutellospora castanea (B), Acaulospora
laevis (C) and Glomus mosseae (D). Similar amounts of protein (25 nug) were loaded onto the gels. The expression of polypeptides
labelled r, ¢ and d was altered between spore extracts of Gig rosea, S castanea, A laevis and G mosseae, respectively. The first
dimension isoelectrofocussing (IEF) was performed at 1 000 V/h for 16 h using wide range ampholytes {pH 3—10) supplemented with
pH 5-8 ampholytes. The second dimension SDS gel was in 12% polyacrylamide. Molecular weight markers are in kilodaltons (kDa).
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Table Il. Polypeptide differences detected in fungal spores of Gigaspora rosea (r), Scutellospora castanea (c),

Acaulospora laevis (d) and Glomus mosseae.

Gig rosea S castanea Gig rosea A laevis Gig rosea
compared compared compared compared compared
fo S castanea to Gig rosea to A laevis fo Gig rosea fo G mosseae
Po MW pl Pp MW pl Po MW  pl Po MW pl Po MW  pl
r1 676 6.70 cl 679 6.14 r8 433 7.26 di 375 6.00 r3 639 6.72
r2 67.6 6.80 c2 676 6.14 18 213 5.10 d2 375 6.10 4 639 6.77
r3 63.9 6.72 c3 67.6 6.20 rM9 213 5.30 d3 375 6.25 r8 433 7.26
r4 63.9 6.77 c4 43.3 6.23 r20 204 513 d4 204 523 ri2 30.1 5.51
r5 63.9 6.80 c5 272 6.87 r23 295 7.00 ds 180 584 ri5 284 6.20
6 639 697 c6 267 6.84 24 295 7.13 dé6 19.3 6.60 rié 284 6.35
r7 639 7.04 c7 262 6.84 r25 295 7.26 d7 193 6.65 ri7 278 6.60
r8 433 7.26 c8 243 562 r26 251 6.20 21 17.4 6.08
r9 375 6.72 c9 209 712 r27 251 6.21 r22 174 6.18
r10 35.3 5.91 ci0 19.0 6.67 r28 256 6.87 r23 295 7.00
ri1 353 6.05 ci1 18.0 6.72 29 251 7.10 r24 295 7.13
ri2 30.1 5.51 ci2 15.0 594 re5 295 7.26
r13 30.1 6.21 26 251 6.20
ri4 284 6.10 r27 251 6.21
r5 284 6.20 r30 676 6.33
ri6 284 6.35 31 67.6 6.40
7 278 6.60 r32 442 6.37
ri8 213 5.10 r33 442 6.45
r19 213 5.30 r34 433 7.04
r20 204 5.13 r35 433 7.08
r21 17.4 6.08 r36 37.5 6.52
r22 17.4 6.18 r37 333 5.37
r38 33.3 6.49
r39 306 6.89
rA0 28.0 6.86
rd1 271 5.64
r42 26.7 5.50
r43 251 5.76
rd4 241 5.69
rd5 19.1 6.01
rd6 19.1 7.16
r47 188 6.84
rd8 14.3 547
49 150 5.69
r50 143 6.40
r51 147 6.62

Pp: polypeptide; MW: molecular weight; pi: isoelectric point.

ture of spores and growing hyphae, resolved at
least 300 polypeptides with molecular sizes rang-
ing from 76 to 14 kDa and a pl ranging from pH
4.5 to 8.0. When polypeptide profiles of ungermi-
nated spores (fig 2A) were compared with those
of spores germinated in water (fig 2B), they
showed an increase in polypeptide number fol-
lowing the germination process. Whereas about
130 polypeptides were found in extracts from
ungerminated spores of G mosseae, more than

300 polypeptides could be detected after spore
germination. All the polypeptides detected in
ungerminated spores were still present in germi-
nated spores.

Polypeptide profiles obtained from spores ger-
minated in the non-host P2 (myc-) root exudates
(fig 2C), or in exudates from either cv Frisson or
P56 genotypes (data not shown), were very simi-
lar to those of spores germinated in water (fig
2B).
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DISCUSSION

In this study, we observed a relation between
spore size and total soluble protein content in
four species of AM fungi, and showed for the first
time that 2D-PAGE can be used to resolve the
polypeptides extracted from glomalean spores.
Important qualitative differences existed between
polypeptide profiles of spore extracts from the

four fungal species belonging to different genera
of Glomales. Although some polypeptides were
common to the four fungi, additional ones were
found in Gig rosea compared to S castanea, A
laevis and G mosseae, while others were missing
in comparison. Only a few reports, using 1D-
PAGE electrophoresis, have dealt with protein
analyses in AM fungi (Rosendahl, 1989;
Schellenbaum et al, 1992; Giovannetti and

=)
=

—aQpv=-non

=)
=

= v=non

Fig 2. Silver-stained 2D-PAGE gels of soluble protein extracts from ungerminated spores of Glomus mosseae (A) and spores germi-
nated in sterilized water (B) or in root exudates from the mycorrhiza-resistant pea mutant P2 (C). Similar amounts of proteins (70 ng)
were loaded onto the gels. Electrophoretic conditions and legends are as in figure 1.
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Gianinazzi-Pearson, 1994). Schellenbaum et al
(1992) and Giovannetti and Gianinazzi-Pearson
(1994) reported some differences in soluble pro-
tein patterns from AM fungi with different species
or genus affinity, but these were limited in num-
ber as compared to the qualitative differences in
polypeptide profiles we report here.

Identification of AM fungal species within root
tissues is hampered by the lack of sufficiently dis-
tinguishable morphological characters.
Approaches using isozymes, antibodies and DNA

probes have been, or are being, explored but
they have met with limited success, largely due
to their low specificity (Hepper et al, 1988;
Rosendahl, 1989; Rosendahl and Sen, 1992;
Hahn et al, 1993; Cordier et al, 1994, 1996;
Giovannetti and Gianinazzi-Pearson, 1994;
Sanders et al, 1996). An alternative approach
could be through the identification of taxon-spe-
cific proteins that, after purification, can be used
for antibody production or sequencing to produce
specific oligonucleotide probes. Indeed, the pre-

Table Ill. Main polypeptide differences and similarities between the four arbusucular mycorrhizal fungal species.

Polypeptide G rosea S castanea

A laevis Polypeptides in G mosseae

r3

r4

r8

ri4
ri5
r17
r18
ri9
r20
r2t
r22
c5

c6

c7 -
c8 -
dit -
dz2 -
d3

r23
r24
r25
r26
re7

L+ + ++ + 4+ 4+ + + + +
I

I+ + + +

|
l

+ 4+ + + +
+ + + + o+

r+ 4+ 00 1+ + |
| | I+ + i

o+ + + )
I I

{
|

+: presence of polypeptide; —: absence of polypeptide.

Table IV. Germination of 50 mg of spores of Glomus mosseae 15 days in the presence of either sterile water or root

exudates from host and non-host plants of Pisum sativum L.

Root exudates Sterilized deionized water ~ cv Frisson P56 P2
(myct nod*) (myct nod-) (myc— nod-)
Fresh weight (mg) before germination 50 50 50 50
Fresh weight (mg) after germination 66.15 71.85 72.45 70.85
(x1.62) (£ 0.91) (x2.47) (+ 1.34)

Values represent the mean of two experiments. Standard errors are indicated in parentheses. Statistical analysis was done by the

Student's tHest; increases in fungal mass were not different at P= 0.01.
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sent study of 2D-PAGE polypeptide profiles of
spore extracts has revealed that considerabie
qualitative differences can exist between different
AM fungi. In the four species analyzed, the
polypeptides named r3, r4, r8, r14, r15, r16, and
di, d2, d3, and ¢5, ¢6, ¢7, which form a group
with similar MWs and different pl, are interesting
for further studies since they may be taxon-spe-
cific and they could therefore be good candidates
to discriminate between AM fungi. If this hypothe-
sis is confirmed by further analyses of a wider
range of AM fungal species, they could repre-
sent, after isolation and purification, appropriate
antigens for production of highly specific antibod-
ies or for synthesis of oligonucleotide probes
based on their amino acid sequences.

Spores of G mosseae were able to germinate
not only in water and in pea root exudates from
the host genotypes cv Frisson (myct nod*) or the
non-nodulating mutant P56 (myc* nod-), but also
from the non-host P2 mutant (myc— nod-). These
results agree with those previously reported for
other AM fungi or root exudates (Bécard and
Piché, 19894, b; Gianinazzi-Pearson et al, 1989).
Furthermore, increases in fungal mass as spores
germinated in water or in the various pea root
exudates were similar, suggesting that the latter
did not stimulate hyphal growth. Interestingly,
root exudates of the non-host mycorrhiza-resis-
tant pea mutant P2 (myc— nod-), in which mycor-
rhizal colonization is inhibited but appressoria are
formed (Duc et al, 1989), did not have any
inhibitory effects on G mosseae hyphal growth as
compared to those from the compatible pea
genotypes. This lack of fungitoxic effects in root
exudates of non-host roots is in good agreement
with results obtained by Bécard and Piché
(1990), Giovannetti et al (1993a) and Balaji et al
(1994) using the non-host beet and mycorrhiza-
resistant mutant pea genotypes.

Although several studies have been undertak-
en to determine the stimulatory root components
implicated in enhanced AM spore germination
and hyphal growth (Bécard and Piché, 1989a;
Gianinazzi-Pearson et al, 1989; Vierheilig and
Ocampo, 1990; Bécard et al, 1992; El Ghachtouli
et al, 1996), there has been no research up to
now on the influence of the stimuli on the protein
metabolism of AM fungi. In order to detect fungal
protein modifications induced by root exudates,
we compared the polypeptide patterns of unger-
minated spores to those of spores germinated in
water, or in pea root exudates. The strong quali-
tative and quantitative modifications in polypep-
tide patterns which occurred in germinated
spores demonstrate the important activation in

protein synthesis related to spore germination
and hyphal growth of G mosseae, and corrobo-
rate Beilby and Kidby's (1982) observations that
protein synthesis is essential to these processes.
Surprisingly, the 2D-PAGE profiles of extracts
from spores germinated in the root exudates of
the different pea genotypes, cv Frisson, the non-
nodulating mutant P56 and the mycorrhiza-resis-
tant mutant P2, did not differ from those of
spores germinated in water. Thus, any differ-
ences which may exist in the nature of host
(myc*) and non-host (myc-) root exudates in pea
did not act upon protein expression associated
with the germination of spores of G mosseae.
These observations also strengthen Giovannetti
et al's (1993a) conclusion that it is not the nature
of root exudates in non-host (myc~) pea which
contribute to the mycorrhiza-resistant phenotype
of the mutant but rather events occurring after
fungal contact with the root surface.
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