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Mycorrhiza-resistant and non-nodulating pea mutants
provide a model system for identifying common genes
regulated during the early events in mycorrhiza and nod-
ule establishment. Inoculation of pea roots with Glomus
mosseae or Rhizobium leguminosarum can induce overex-
pression of seven defense-related genes (pI 206, pI 49, pI
176, PR 10, basic A1-chitinase, transcinnamic acid 4-
hydroxylase, chalcone isomerase), depending on the plant
genotype and the time point of interaction between the
plant and the microsymbiont. Expression of the pI 206
gene is closely correlated with appressorium formation by
the mycorrhizal fungus on both mutant and wild-type pea
roots. The gene is also induced by the pathogen Aphano-
myces euteiches. Transcript accumulation was higher in
mutant than in wild-type genotypes for five and six of the
studied genes during early stages of root interactions with
G. mosseae and R. leguminosarum, respectively, and this is
discussed in relation to the symbiotic-defective phenotype
of Myc–1Nod– pea. The early induction of similar plant de-
fense genes in response to arbuscular mycorrhizal fungi
and rhizobia reinforces the hypothesis of common regula-
tory steps in both root symbioses.

Additional keywords: gene expression, nodule symbioses,
Pisum sativum.

Root colonization by arbuscular mycorrhizal fungi (AMF)
and root nodule induction by rhizobia share some cellular and
molecular features (Mellor 1989; Perotto et al. 1994; Gollotte
et al. 1995; Frühling et al. 1997; Gianinazzi-Pearson and Dé-
narié 1997; van Rhijn et al. 1997). Common regulating genes
have been identified in mycorrhiza-resistant and non-
nodulating (Myc–1Nod–) pea or Medicago mutants (Duc et al.
1989; Gianinazzi-Pearson et al. 1991; Sagan et al. 1995). Al-
though mycorrhizal infection is not successful in these plants,
fungal appressoria are formed, so that early recognition events
must occur and inhibition of further fungal development must
be linked to plant factors affecting the subsequent stages of
mycorrhiza establishment. In the case of rhizobial interac-
tions, root hair curling does not occur (Sagan et al. 1995). As

these mutants are unaffected for interactions with other root-
infecting microorganisms (Gianinazzi-Pearson et al. 1994),
they provide proof that specific host genes modulate root
symbioses and therefore represent model plant material for
identifying plant or microbial genes involved in the early
events of AM or nodule establishment. Three of these pea
mutants are P2, P6, and P54, which are affected in sym 8, sym
19, and sym 30 genes, respectively, leading to plant resistance to
both AMF and rhizobia colonization (Gianinazzi-Pearson 1996).

Expression of host plant defense responses is uncoordi-
nated, weak, and/or very localized during plant-fungal inter-
actions in AM (Morandi et al. 1984; Gianinazzi-Pearson et al.
1992, 1996; Harrison and Dixon 1993; Volpin et al. 1994;
Mohr et al. 1998). In Myc–1 mutants, however, AMF elicit
important defense-related wall reactions in host cells adjacent
to appressoria (Gianinazzi-Pearson et al. 1991; Gollotte et al.
1993, 1996). Interactions between Nod– mutants and rhizobia
have not been investigated at the cellular level, and it is still a
matter of debate whether rhizobia also induce plant defense
responses that have to be overcome for nodulation to occur
(Niehaus et al. 1993). Nod factors can induce early, transient,
defense responses in cells and roots (Savouré et al. 1997), and
it has been proposed that autoregulation of root nodulation
involves a defense mechanism similar to those elicited in in-
compatible rhizobia-legume interactions (Vasse et al. 1993).
Gene expression analyses of plant mutants like Myc–1Nod–

peas, which are unable to form root symbioses but are suscep-
tible to plant pathogens (Gianinazzi-Pearson et al. 1994),
could be a valid approach to better understanding events un-
derlying symbiotic interactions.

The role of symbiosis-specific host genes may be to exert
some sort of control over the expression of defense genes
during symbiosis development, and the resistance phenotype
in pea mutants may reflect alterations in these gene functions
(Gianinazzi-Pearson 1996). Whether resistance to AMF or
Rhizobium spp. in symbiosis-defective mutants involves spe-
cific activation of plant defense genes, as in incompatible
plant-pathogen interactions (Bowles 1990; Stintzi et al. 1993;
Collinge et al. 1994; Dixon et al. 1994), has not previously
been determined. In the present investigation, we have made a
detailed study of defense gene expression during interactions
of wild-type or Myc–1Nod– pea genotypes with Glomus
mosseae (Nicol. & Gerd.) Gerd. & Trappe or Rhizobium le-
guminosarum bv. viciae. The defense genes studied were
PR10, pI 49, pI 176, and pI 206, previously reported as in-
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duced during plant-pathogen interactions in pea (Fristensky et
al. 1985; Riggleman et al. 1985; Daniels et al. 1987; Fristen-
sky et al. 1988; Hadwiger et al. 1992). The gene encoding for
a defense-related basic A1-chitinase in pea (Vad et al. 1993)
was also studied. Finally, genes encoding for chalcone
isomerase (Wood and Davies 1994) and transcinnamic acid 4-
hydroxylase (Frank et al. 1996) were also used as probes.
These two proteins are involved in production of phytoalexins,
an important component of plant defense responses against
pathogens (Dixon 1986; Phillips and Kapulnik 1995), also re-
ported to be active during AMF-plant interactions (Harrison
and Dixon 1993, 1994).

RESULTS

Infection development.
Appressoria formed 3 days after inoculation (dai) with G.

mosseae on roots of cv. Frisson and to a lesser extent on the
P2 mutant (Table 1). The inverse situation was observed at 6
dai, as appressoria were more numerous on roots of mutant
plants than on wild-type ones. All stages of mycorrhiza devel-
opment were present in cv. Frisson at this time point, and root
colonization increased to 15 dai, while only appressorium
formation increased in P2 and there was no penetration of root
tissues by G. mosseae. Appressoria were also the only fungal
structures on roots of the mutants P6 (11.1 per cm root) and
P54 (7.4 per cm root). No nodules formed on roots of any of
the G. mosseae-inoculated or noninoculated plants. Nodules
appeared on roots of cv. Frisson plants at 6 dai with R. legu-
minosarum and the number of nodules increased from 50 to
130 per root system between 6 and 15 dai, respectively. Nod-
ules were not present at any time on roots of P2 plants or of
noninoculated controls. Both cv. Frisson and P2 roots were
susceptible to Aphanomyces euteiches, as previously reported
by Gollotte (1993), and infection symptoms were visible by a
yellow coloring of the roots 6 dai and by necroses 15 dai.

Transcript accumulation.
The pI 206 cDNA clone hybridized with a single mRNA

species from G. mosseae-inoculated roots (cv. Frisson and P2)
and no significant signal was observed in corresponding non-
inoculated roots (Fig. 1). Signal intensity varied with time and
plant genotype. At 3 dai, gene expression was detected only in
inoculated cv. Frisson plants, but inoculated P2 roots showed
higher levels of mRNA than cv. Frisson 6 dai. Transcripts in-

creased up to 15 dai in both plant genotypes in response to
fungal inoculation, and continued to be higher in the P2 mu-
tant. The pI 206 gene was also activated in roots of the P6 and
P54 mutants 9 dai with G. mosseae (Fig. 2). A significant cor-
relation was found between the frequency of appressoria
formed by G. mosseae on roots of the different pea genotypes,
and accumulation of pI 206 gene transcripts (Fig. 3). Po-
lymerase chain reaction (PCR) analyses of genomic DNA
with pI 206-specific primers gave an amplification product of
the expected size with cv. Frisson and P2 mutant DNA but not
with G. mosseae DNA, suggesting that pI 206 transcript ac-
cumulation is not due to expression of a fungal gene homo-
logue. Furthermore, hybridization of the pI 206 cDNA clone
with RNA from pea roots 6 and 15 dai with A. euteiches gave
signal intensities similar to those from roots colonized by G.
mosseae (results not shown). Very low levels of pI 206 mRNA
accumulated in roots inoculated with R. leguminosarum (Fig.
4) and only at 1 dai. Noninoculated roots contained traces of
transcripts at this time point. More pI 206 mRNA was de-
tected in the P2 mutant after bacterial inoculation than in cv.
Frisson plants. Transcripts dropped to undetectable levels in
the roots of all plants at 3, 6, and 15 dai.

The PR 10, pI 49, and pI 176 probes gave similar results in
hybridization analyses (Figs. 1, 2, and 4). There were no dif-
ferences in mRNA accumulation at 3 dai with G. mosseae in-
oculation or between plant genotypes. Transcript level subse-
quently increased in inoculated roots of cv. Frisson and P2
plants, compared with noninoculated controls. The two pea
genotypes showed different responses to G. mosseae between
6 and 15 dai. PR 10, pI 49, and pI 176 transcript accumulation
was greatest in G. mosseae-inoculated P2 plants at 6 dai but
this effect was transient. At 15 dai, lower levels were detected
than in inoculated cv. Frisson plants, where an increase was
observed between 6 and 15 dai. Noninoculated roots of both
genotypes maintained almost constant levels of mRNA accu-
mulation for all three genes at the three time points. Transcript
accumulation of PR 10, pI 49, and pI 176 also increased in the
pea mutants P6 and P54 (9 dai) in response to fungal inocula-
tion (Fig. 2). Inoculation of R. leguminosarum had little effect
on the expression of the PR 10, pI 49, or pI 176 genes in roots
1 dai. Only inoculated P2 roots showed a slight increase of PR
10 and pI 49 gene expression during the first stages of inter-
actions with the bacteria. mRNA levels decreased with time
but remained higher in inoculated P2 roots and, to a lesser
extent, in inoculated cv. Frisson roots at 3 dai. Levels of
mRNA were similar 6 dai in all four treatments and transcript
accumulation increased in both genotypes 15 dai, particularly
in roots of noninoculated plants.

Northern (RNA) analysis of mRNA coding for basic CHT
indicated a lower level of gene expression in pea roots, com-
pared with the other defense genes (Fig. 1). Inoculation with
G. mosseae induced higher mRNA levels at all times in both
cv. Frisson and the P2 genotype than in noninoculated con-
trols. Roots of the mutants P6 and P54 did not show CHT
gene activation 9 dai with G. mosseae. Inoculation with R.
leguminosarum only activated the CHT gene in cv. Frisson 15
dai when numerous nodules had developed (Fig. 4).

G. mosseae did not induce significant changes in tCAH
mRNA accumulation at 3 or 6 dai in roots of either cv. Frisson
or the mutant P2. Transcript levels later increased in both in-
oculated plants, mainly in P2. P6 and P54 mutants only

Table 1. Development of Glomus mosseae on roots of Pisum sativum
cv. Frisson or isogenic mutant P2 at different time points after inocula-
tion

Colonization Days after inoculation

Plant genotype parametersy 3 6 15

cv. Frisson App/cm 6.5 ez 15.0 d 27.1 b
M% 0.2 c 19.4 b 44.7 a
A% 0 c 8.2 b 33.2 a

P2 App/cm 1.1 f 22.1 c 37.4 a
M% 0 c 0 c 0 c
A% 0 c 0 c 0 c

y App/cm, number of appressoria per cm of root length; M%, coloniza-
tion intensity; A%, arbuscule frequency.

z Values for each parameter and each time point followed by a different
letter are significantly different (P < 0.05).
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showed slight induction of gene expression 9 dai with G.
mosseae (Fig. 2). Inoculation with R. leguminosarum only had
a transient effect on tCAH mRNA accumulation in P2 mu-
tants, which showed higher levels of transcript accumulation
at 1 and 3 dai, compared with all the other treatments. There-
after, levels of tCAH mRNA were unaffected by either bacte-
rial presence or plant genotype (Fig. 4).

Accumulation of CHI mRNA after inoculation with G.
mosseae differed little among treatments at 3 dai, but showed
a considerable, but transient, increase in inoculated P2 plants
3 dai. At 15 dai, both inoculated genotypes showed higher
levels of gene expression than their corresponding controls,
but P2 plants did not accumulate more CHI transcripts than
cv. Frisson. Transcript accumulation of both P6 and P54 mu-

tants increased in response to inoculation with G. mosseae (9
dai). As for tCAH, inoculation with R. leguminosarum had
little effect on CHI accumulation and only inoculated P2
plants showed slightly higher transcript levels than the other
treatments from 1 to 6 dai. At 15 dai, no significant differ-
ences among treatments were observed.

DISCUSSION

The formation of AM constitutes a massive fungal invasion
of plant roots. AMF must, therefore, have dealt very early on
in evolution with problems of avoiding, suppressing, or over-
coming plant defense responses, tactics that have enabled
them to extend to such a widespread number of plant taxa

Fig. 1. Transcript accumulation levels at different time points, for seven defense genes in roots of wild-type pea cv. Frisson inoculated or not with
Glomus mosseae, or of an Myc–1Nod– pea mutant (P2) inoculated or not with G. mosseae. rRNA and hybridization signal were quantified with NIH Im-
age software. Transcript levels were normalized to rRNA and are expressed in arbitrary units. CHT, basic A1-chitinase; tCAH, transcinnamic acid 4-
hydroxylase; CHI, chalcone isomerase.
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(Gianinazzi-Pearson 1996). Nodule symbioses show host
specificity, and evidence exists that infection by rhizobia is
controlled by the host plant (Calvert et al. 1984; Caetano-
Anollés and Bauer 1988; Vasse et al. 1993). This means that

reciprocal plant-microbe compatibility systems must have de-
veloped and been maintained throughout evolution in both
symbioses.

The present investigations show that inoculation of pea
roots with G. mosseae or R. leguminosarum induces overex-
pression of defense-related genes. The pattern and intensity of
transcript accumulation differ depending on the gene consid-
ered, the plant genotype, the microsymbiont, or the time point
after inoculation. In PR 10, pI 49, and pI 176, mRNA accu-
mulation follows a similar pattern. Gene expression occurs in
noninoculated plants at different plant ages, but is enhanced in
roots 6 and 15 dai with G. mosseae and only transiently 1 and
3 dai with R. leguminosarum. Genes encoding pI 49 and pI
176 are members of the multigene PR 10 family (Hadwiger et
al. 1992), so their similar pattern of mRNA accumulation is
not surprising. They are differentially expressed throughout
the growth of pea seedlings, suggesting that they may be in-
volved in plant developmental processes (Hadwiger et al.
1992). PR 10 proteins have been suggested to be RNases,
based on significant amino acid sequence similarity with ribo-
nuclease peptides in parsley (Moieyev et al. 1994; Walter et
al. 1996), but such enzymatic activity has not been demon-
strated so far for any protein of the PR 10 family (Pinto and
Richard 1995).

The gene coding for pI 206 is increasingly elicited by G.
mosseae in susceptible wild-type and symbiosis-defective
pea genotypes up to 15 dai but it is only weakly and tran-
siently activated 1 dai in pea roots inoculated with R. legu-
minosarum. Genes encoding pI 49, pI 176, and pI 206 are
activated in pea pods not only with nonhost resistance to
Fusarium solani f. sp. phaseoli or resistance to Pseudo-
monas syringae pv. pisi but also in susceptible interactions
with F. solani f. sp. pisi, although activation is comparably
weaker or delayed (Fristensky et al. 1985; Riggleman et al.
1985; Daniels et al. 1987; Fristensky et al. 1988). Elicitation
of genes coding for pI 49 and pI 206 in the incompatible
pea–F. solani interaction is mediated by a heat-stable, extra-
cellular DNase that is released by the pathogen after physi-
cal contact with plant tissues (Gerhold et al. 1993; Hadwiger
et al. 1995). The pI 206 gene is of particular interest as ex-

Fig. 2. Transcript accumulation levels for seven defense genes in roots
of Myc–1Nod– pea mutants (P6 or P54) inoculated (i; 9 days after in-
oculation) or not (ni) with Glomus mosseae. rRNA and hybridization
signal were quantified with NIH Image software. Transcript levels were
normalized to rRNA and are expressed in arbitrary units. CHT, basic A1-
chitinase; tCAH, transcinnamic acid 4-hydroxylase; CHI, chalcone
isomerase.

Fig. 3. Correlation between appressorium formation and pI 206 tran-
script accumulation in Glomus mosseae-inoculated cv. Frisson and mu-
tant (P2, P6, P54) roots. Number of appresoria formed on roots of each
pea genotype at different time points was correlated with corresponding
pI 206 transcript accumulation level, expressed in arbitrary units.



980 / Molecular Plant-Microbe Interactions

pression is linked to appressorium formation in G. mosseae-
inoculated pea plants, and activation of this plant defense
gene during the first stages of mycorrhizal interactions could
depend on a signal molecule produced by G. mosseae at the
moment of contact with root cells. Appressorium differen-
tiation is a decisive event in fungal recognition and invasion
of plant tissues (Staples and Macko 1980). Elicitation of the
pI 206 gene also by A. euteiches may mean that this is a
general response of pea roots during interactions with root-
infecting fungi.

The transient activation of the basic CHT encoding gene in
the different pea genotypes interacting with G. mosseae agrees
with previous reports of a burst in chitinase activity during
early interactions between roots of different plants and AMF

(Spanu et al. 1989; Lambais and Mehdy 1993; Volpin et al.
1994). Pea chitinases inhibit hyphal growth of pathogens but
not of mycorrhizal fungi (Arlorio et al. 1991), and basic
chitinases have a vacuolar compartmentation so that they will
not come into direct contact with walls of actively growing
AMF. Consequently, it is unlikely that these defense-related
enzymes are essential to the control of AMF along or within
roots, and the enhanced expression of corresponding genes
may reflect a nonspecific plant response to tissue invasion or
invasion attempts (Gianinazzi-Pearson et al. 1996). In R. le-
guminosarum interactions, the enhanced chitinase gene ex-
pression uniquely in nodulated cv. Frisson plants 15 dai recalls
findings of a chitinase-mediated plant defense reaction in soy-
bean nodules infected by Bradyrhizobium japonicum (Stae-

Fig. 4. Transcript accumulation levels at different time points, for seven defense genes in roots of wild-type pea cv. Frisson inoculated or not with Rhizo-
bium leguminosarum, or of an Myc–1Nod– pea mutant (P2) inoculated or not with R. leguminosarum. rRNA and hybridization signal were quantified
with NIH Image software. Transcript levels were normalized to rRNA and are expressed in arbitrary units. CHT, basic A1-chitinase; tCAH, transcin-
namic acid 4-hydroxylase; CHI, chalcone isomerase.
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helin et al. 1992; Parniske et al. 1994). However, chitinase
expression is also under developmental control and it has been
suggested that such an enzyme could have a non-defensive
function, for example in the inactivation of Nod factors pro-
duced by Rhizobium spp. (Staehelin et al. 1994; Mellor and
Collinge 1995).

Although phenylpropanoid metabolism can be enhanced
in roots during symbiotic interactions with AMF, this is not
a general phenomenon, and the extent and timing depend on
the plant and fungal genotypes involved (Morandi et al.
1984; Morandi and Le Quéré 1991; Harrison and Dixon
1993; Lambais and Mehdy 1993; Volpin et al. 1994, 1995).
In the present study, expression of genes encoding for tCAH
is poorly affected by AMF and does not seem to reflect a
specific defense response. In contrast, levels of CHI mRNA
showed a considerable increase in the P2 mutants 3 dai with
G. mosseae, suggesting an early, though transient, defense-
related response to the AMF. The same is also observed in
the P2 mutants for both tCAH and CHI after inoculation
with R. leguminosarum.

It is clear that plant reactions to AMF are mediated by a
number of genes and that gene-for-gene mechanisms involv-
ing specific plant genes for specific microbial products are
unlikely to be active in such widespread symbiosis. Mutation
of sym 8, sym 19, and sym 30 genes in pea causes resistance to
AMF and rhizobia (Gianinazzi-Pearson 1996), indicating
multigenic control of early interactions. At the cellular level,
the corresponding mutants (P2, P6, P54) develop defense-
related cell wall modifications in response to AMF (Gollotte
et al. 1993, 1996). Although differences in gene expression
among genotypes are small (except for pI 206) repetitions of
this experiment gave very similar results. The P2 mutants al-
ways show consistently higher levels of defense gene expres-
sion (except for CHT and tCAH) than wild-type plants at
early stages of root interactions (6 dai) with G. mosseae, that
is, in the period crucial for developing resistance. The same
can be said for early interactions (1 to 3 dai) with R. legumi-
nosarum (except for CHT). Temporal differences in activities
of defense genes have been distinguished in resistant and sus-
ceptible plant-pathogen interactions (Daniels et al. 1987; Chi-
ang and Hadwiger 1990; Bell et al. 1986), and it has been
postulated that resistance response products have to accumu-
late above a critical threshold value for resistance to occur
(Hadwiger and Culley 1993). Consequently, resistance to my-
corrhizal fungi and Rhizobium spp. in the Myc–1Nod– pea
mutants may be mediated by defense gene expression but at a
lower level than in plant-pathogen interactions, as suggested
also from PAL expression analysis in an Myc–1 alfalfa geno-
type inoculated with G. versiforme (Karsten) Berch (Harrison
and Dixon 1993). This may be related to a lower aggressive-
ness of mutualistic, compared with pathogenic, microorgan-
isms, which also leads to a lower elicitation of plant defense
reactions.

The present observations reinforce the hypothesis that some
common plant responses are associated with host-microbe in-
teractions in mycorrhiza and nodulation symbioses (Giani-
nazzi-Pearson and Dénarié 1997). Further research is neces-
sary to understand the extent to which plant genes are com-
monly modulated in symbiotic bacterial and fungal interac-
tions with roots, and to distinguish those that are specific to
symbiosis.

MATERIALS AND METHODS

Plant inoculation and growth conditions.
Surface-disinfected (ethanol 95%, 5 min) seeds of Pisum

sativum L. ‘Frisson’ (Myc+Nod+) and the isogenic mycorrhiza-
and nodulation-resistant (Myc–1Nod–) mutants P2, P6, and P54
(Duc et al. 1989) were germinated 4 days in the light at 20°C
in autoclaved vermiculite. Pea seedlings were then trans-
planted into 400 g of an autoclaved soil/calcined clay
(Terragreen) mixture (1:1, vol:vol) and inoculated or not with
the fungal isolate G. mosseae (BEG 12), as described previ-
ously (Dumas-Gaudot et al. 1994), or with R. leguminosarum
bv. viciae isolate 1007 (0.5 ml of liquid suspension per pot at
1 U OD600). Noninoculated plants received the same amount
of autoclaved inoculum. For comparison, other plants were
watered with a suspension of zoospores (105 per ml) of a
virulent strain (SRSF502, Agriculture Canada, Ste-Foy) of A.
euteiches Drechs., produced according to Beghdadi et al.
(1992). Plants were grown under controlled conditions (20 to
24°C night/day, 16-h photoperiod, 320 µmol s–1 m–2, 70%
relative humidity) and watered daily. Roots were harvested for
mRNA analysis at 3, 6, and 15 dai with G. mosseae for cv.
Frisson and P2 plants in order to cover different stages of AM
development, and at an intermediary time point (9 dai) for P6
and P54 genotypes. Plants inoculated with R. leguminosarum
were harvested at 1, 3, 6, and 15 dai, covering from early in-
teractions between bacteria and roots up to nodule formation.
Roots infected by A. euteiches were analyzed at 6 and 15 dai
and symptoms visually evaluated. Parameters of mycorrhizal
colonization were determined after trypan blue staining of
roots (Trouvelot et al. 1986) and nodule number was estimated
by direct observation with a binocular microscope, in three
replicate plants for each time point. Percentages were arcsin
transformed and data were subjected to analysis of variance
with time point and plant genotype as factors. Differences
among means were analyzed for significance by Duncan’s
multiple range test (Duncan 1955).

RNA isolation, synthesis of first-strand cDNA, and PCR.
Total RNA was isolated from pea roots with the Plant Total

RNA Kit (Qiagen, Hilden, Germany), following the manu-
facturer’s protocol. DNase treatment of total RNA was per-
formed according to the manufacturer’s recommendations
(Promega, Madison, WI). Total RNA (2.5 µg) from nonmy-
corrhizal cv. Frisson roots was reverse transcribed to first-
strand cDNA with MMLV-RT enzyme (Promega) and
oligo(dT)15 primer, in a final volume of 25 µl with the buffer
recommended by the enzyme supplier. A 0.7-µl aliquot was
used as template for PCR in a final volume of 20 µl containing
100 µM dNTPs, 1× PCR buffer (Gibco-BRL, Gaithersburg,
MD), 2.5 mM MgCl2, 0.25 U of Taq DNA polymerase
(Gibco-BRL), and 0.5 µM concentrations of specific primers
(Table 2) deduced from available sequences for pea defense-
related genes encoding pI 206 (M18250), pI 49
(X13383/M18305), pI 176 (M18249), PR 10 (U65419), basic
A1-chitinase (CHT, X63899), transcinnamic acid 4-
hydroxylase (tCAH, U29243), or chalcone isomerase (CHI,
U03433). PCR was performed in a PTC-100 thermocycler
(MJ Research, Watertown, MA) with the following parame-
ters: initial denaturation at 95°C for 4 min, followed by 30
cycles of denaturation at 93°C for 45 s, annealing at the ap-
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propriate temperature for each primer pair (Table 2) for 45 s,
elongation at 72°C for 45 s, and a final elongation at 72°C for
5 min.

Genomic DNA (80 ng) from nonmycorrhizal pea roots and
G. mosseae spores also served as templates for PCR (20 µl
total volume) with 1 µM concentrations of specific primer
pairs for pI 206, 125 nM concentrations of dNTPs, 0.2 U of
Taq DNA polymerase (Gibco-BRL), and the buffer supplied
by the company. PCRs were done as described above and
PCR products separated in a 1.4% agarose gel for visualiza-
tion by ethidium bromide staining.

Cloning and sequencing of cDNA fragments.
After Geneclean (Bio101, Vista, CA) treatment, cDNA

fragments were cloned into PT7 Blue plasmid (Promega) and
recombinant plasmids used to transform competent Es-
cherichia coli XL1-Blue cells. Positive clones screened by
PCR (Güssov and Clackson 1989) were subcultured and
plasmidic DNA isolated according to Sambrook et al. (1989).
Sequencing was performed by the dideoxy-sequencing method
(Sanger et al. 1977) with fluorescent dye-linked universal
primers (T7 and T3) and an Applied Biosystems model 370A
DNA sequencer (Genome Express Society, Grenoble, France).
Sequence similarity searches were carried out in the EMBL
data bank with the FASTA program from the Wisconsin Pack-
age 8 (Genetics Computer Group, Madison, WI).

Northern blot analysis.
After electrophoresis on 1.2% agarose gel containing 2.2 M

formaldehyde, total RNA (20 µg) was blotted onto Hybond-N+

nylon membranes (Amersham, Little Chalfont, UK) by capil-
larity (Sambrook et al. 1989). Equal RNA loading and transfer
were verified by methylene blue staining of nylon membranes
before hybridization, according to Herrin and Schmidt (1988)
and Sambrook et al. (1989). Blots were prehybridized 2 to 3 h
at 60°C in 5× Denhardt’s solution, 5× SSC (1× SSC is 0.15 M
NaCl plus 0.015 M sodium citrate), 0.5% SDS (sodium dode-
cyl sulfate), and hybridized with respective probes obtained
by a PCR Radioactive Labeling System of plasmid inserts
(Gibco-BRL), except for the tCAH probe, which was obtained
with the Prime-a-Gene Labeling System (Promega). Unincor-
porated 32P was removed with an S-200 HR MicroSpin col-
umn (Pharmacia Biotech, Uppsala, Sweden). A total 107 cpm
probe was heat denatured and used to hybridize the blots
overnight at 60°C under standard conditions (Sambrook et al.

1989). After being washed twice for 5 min at room tempera-
ture in 2× SSC and 0.1% SDS, and once for 15 min at 55°C in
the same solution, membranes were exposed for 5 h to Kodak
X-RAY-OMAT at –70°C. rRNA and signals on autoradio-
grams were analyzed with the Alcatel-TITN image analysis
system (Grenoble, France) and then quantified with NIH Im-
age software (NIH Image is available on-line from the Na-
tional Institutes of Health). Transcript accumulation levels
were normalized according to the amount of rRNA in the
membranes. Northern blot analyses were done twice with two
different sets of plants and RNA for all the plant-microbe
combinations.
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