
360 / Molecular Plant-Microbe Interactions 

MPMI Vol. 15, No. 4, 2002, pp. 360–367. Publication no. M-2002-0307-01R. © 2002 The American Phytopathological Society 

Identification of a cDNA from the  
Arbuscular Mycorrhizal Fungus Glomus intraradices  
that is Expressed During Mycorrhizal Symbiosis  
and Up-Regulated by N Fertilization 

Juan M. Ruiz-Lozano, Carlos Collados, Rosa Porcel, Rosario Azcón, and José M. Barea 

Departamento de Microbiología del Suelo y Sistemas Simbióticos. Estación Experimental del Zaidín (CSIC), Profesor 
Albareda nº 1, E-18008 Granada, Spain 

Submitted 6 August 2001. Accepted 3 January 2002. 

A cDNA library was constructed with RNA from Glomus 
intraradices-colonized lettuce roots and used for differen-
tial screening. This allowed the identification of a cDNA 
(Gi-1) that was expressed only in mycorrhizal roots and 
was of fungal origin. The function of the gene product is 
unknown, because Gi-1 contained a complete open reading 
frame that was predicted to encode a protein of 157 amino 
acids which only showed little homology with glutamine 
synthetase from Helicobacter pylori. The time-course anal-
ysis of gene expression during the fungal life cycle showed 
that Gi-1 was expressed only during the mycorrhizal sym-
biosis and was not detected in dormant or germinating 
spores of G. intraradices. P fertilization did not significantly 
change the pattern of Gi-1 expression compared with that 
in the unfertilized treatment, whereas N fertilization (alone 
or in combination with P) considerably enhanced the Gi-1 
transcript accumulation. This increase in gene expression 
correlated with plant N status and growth under such 
conditions. The possible role of the Gi-1 gene product in 
intermediary N metabolism of arbuscular mycorrhizal 
symbiosis is further discussed.  

Additional keywords: AM symbiosis, drought stress, N metab-
olism. 

The arbuscular mycorrhizal (AM) symbiosis is formed be-
tween the roots of most higher plants and Zygomycete fungi 
belonging to the order Glomales. It is estimated that more than 
80% of land plants can form this type of association, including 
many agriculturally and horticulturally important crop species 
(Smith and Read 1997). This mutualistic association has prob-
ably existed for approximately 450 million years, since the 
colonization of land by ancient plants, and remains a crucial 
factor for sustainability of most terrestrial ecosystems 
(Pyrozynsky and Malloch 1975). Despite the widespread oc-
currence of AM symbiosis, the AM fungi are obligate 
biotrophs who depend on their ability to colonize a host plant 
for completion of their life cycle (Smith and Gianinazzi-
Pearson 1988). 

Colonization of the root system by AM fungi confers bene-
fits directly on host plant growth and development, through 
the acquisition of phosphate and other mineral nutrients from 
the soil, such as N, Cu, or Zn (Smith and Read 1997). In addi-
tion, colonization also enhances plant resistance to biotic and 
abiotic stresses (Newsham et al. 1995; Ricken and Hofner 
1996; Ruiz-Lozano et al. 1995, 2001). These beneficial effects 
of AM symbiosis on the host plant occur as the result of a 
complex molecular dialogue between the two symbiotic organ-
isms (Harrier 2001). Morphogenetic changes in both plant and 
fungus during colonization indicate that there must be an ex-
change of signals between the partners, with regulation occur-
ring at several control points (Barker et al. 1998). The AM 
symbiosis lacks host specificity; therefore, it has been sug-
gested that either the signal molecules are conserved through-
out the plant kingdom or that a broad range of related com-
pounds might be involved (Koide and Schreiner 1992). The 
final outcome is a functional mycorrhizal root, in which meta-
bolic activity of the two symbionts is regulated and is presum-
ably under the control of genes from both symbionts. Identify-
ing the molecules and genes involved in the dialogue between 
or within the host plant and within the AM fungus is a prereq-
uisite for a better understanding of the ecological fitness of the 
symbiosis. 

Molecular details of mycorrhiza development and function-
ing are now becoming experimentally tractable. The molecular 
identification of recently discovered symbiosis-regulated (SR) 
genes and the analysis of mycorrhiza mutants, along with new 
experimental approaches, such as subtractive and differential 
hybridization of cDNA libraries, and innovative applications 
of older technologies, such as nuclear magnetic resonance, are 
together generating a conceptual framework for understanding 
the formation and physiology of mycorrhizae (Martin 2001). 
Numerous plant genes showing differential expression during 
mycorrhizal symbiosis have been identified in the last few 
years (Burleigh and Harrison 1997; Krajinski et al. 2000; Liu 
et al. 1998; Martin-Laurent et al. 1997; Murphy et al. 1997; 
Ruiz-Lozano et al. 1999; van Buuren et al. 1999). Similarly, 
AM fungal genes also have been identified (Burleigh and 
Harrison 1998; Ferrol et al. 2000; Franken and Gianinazzi-
Pearson 1996; Franken and Requena 2001; Franken et al. 
1997; Harrier 2001; Requena et al. 2000), but few of them 
have been demonstrated to play a functional role during the 
symbiosis. One of the most important fungal genes discovered 
so far may be a fungal (Glomus versiforme) phosphate trans-
porter assumed to be responsible for initial P uptake by the 
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fungus from the soil matrix (Harrison and van Buuren 1995). 
Besides this specific example, other fungal genes that are ex-
pressed during the symbiotic phase also have been identified 
(Delp et al. 2000; Harrier et al. 1998; Kaldorf et al. 1998; 
Lanfranco et al. 1999; Sawaki and Saito 2001). 

The identification of genes from AM fungi has been espe-
cially difficult, however, because of the obligate symbiotic na-
ture of these fungi. This limits the amount of fungal material 
available, which can be obtained only from spores or extra-
radical hyphae. In addition, the quantity of living AM fungal 
material inside roots is very small in comparison with other 
plant–microbe interactions. Approximately 1% of the mRNA 
extracted from highly colonized roots belongs to the fungal 
partner, hindering the discovery of fungal genes with low ex-
pression (Franken and Requena 2001). 

Here, we report the differential screening of a cDNA library 
from mycorrhizal roots and the identification of a fungal gene 
that was expressed during the AM symbiotic phase and that 
was up-regulated by N fertilization. The effect of drought 
stress on the pattern of gene expression also was analyzed.  

RESULTS 

Mycorrhizal infection. 
Aliquots of roots colonized by G. intraradices used for con-

struction of the cDNA library were stained with trypan blue to 
assess the mycorrhizal colonization. The roots were heavily 
colonized with 94% of colonization frequency, 68% of coloni-
zation intensity, and 78% of arbuscule abundance (Table 1). 
Neither N and P fertilization nor drought stress affected the 
mycorrhizal infection levels reached on lettuce roots by G. in-
traradices compared with the well-watered unfertilized treat-
ment. Similarly, soybean plants were not affected in the per-
centage of mycorrhizal root length either by the presence of 
Bradyrhizobium japonicum or by drought stress (Table 2). 
Only dually inoculated and well-watered soybean plants 
showed a significantly higher intensity of colonization and ar-
buscule abundance than the corresponding well-watered non-
nodulated treatment.  

Isolation of a differentially expressed cDNA clone  
and expression in mycorrhizal roots. 

After a first round of screening, several independent phage 
clones were isolated, representing genes theoretically upregu-
lated in lettuce roots during AM symbiosis. At this stage, a po-
lymerase chain reaction (PCR)-based screening strategy was 
adopted because, when combined with Southern blotting anal-
ysis, it provided an additional check of the induction or repres-
sion of the clones under investigation (Martin-Laurent et al. 
1995). Seven clones were amplified by PCR with universal 
M13 primers. Only one of the clones gave two PCR products, 
indicating that it contained two phage populations. The PCR 
products were separated on agarose gels to make replica filters 

which were hybridized with radiolabeled cDNA from G. intra-
radices-colonized roots or from uninoculated control roots. 
After hybridization, one out of the seven clones was confirmed 
as differentially expressed, representing a gene (Gi-1) upreg-
ulated in lettuce roots during AM symbiosis. 

Northern blot analysis using RNA from nonmycorrhizal or 
mycorrhizal (G. mosseae and G. intraradices) lettuce roots 
cultivated under either well-watered conditions or drought-
stress conditions showed that the Gi-1 cDNA probe hybridized 
to a 0.66-kb transcript that was present exclusively in G. intra-
radices-colonized roots (Fig. 1). Drought stress decreased Gi-1 
transcript accumulation by 1.8-fold. No signal of transcript ac-
cumulation was detected in control or G. mosseae-colonized 
plants. Additional Northern hybridization using RNA from 
control or G. intraradices-colonized maize roots also showed a 
clear hybridization signal on RNA from G. intraradices-colo-
nized maize roots cultivated under well-watered conditions, 
while drought decreased gene expression to undetectable lev-
els (data not shown).  

Genomic origin of Gi-1. 
Although Northern blotting experiments with lettuce and 

maize RNA suggested a possible fungal origin of the gene, it 
was necessary to unequivocally determine its genomic origin. 
A PCR-based approach was selected. Specific primers were 
designed on the basis of the Gi-1 sequence and used in PCR 
amplification with genomic DNA from lettuce leaves, lettuce 
roots colonized by G. mosseae, lettuce and pea roots colonized 
by G. intraradices, and spores of G. intraradices. A band of 
approximately 350 bp was amplified on genomic DNA from 
lettuce and pea roots colonized by G. intraradices, as well as 
from spores of that fungus (Fig. 2A). Positive reactions carried 
out with the same DNA using primers ITS1/ITS4 successfully 
amplified all of the DNA tested (data not shown). The PCR 
fragment amplified from the genomic DNA (350 bp) was lar-
ger than that amplified from the cDNA control plasmid (268 
bp), indicating that the primer pair had been designed at both 
sides of an intron of approximately 80 bp. In all cases, the 

Fig. 1. Northern blot of root total RNA (15 µg) from uninoculated control 
(C) or mycorrhizal (Glomus mosseae [Gm] or G. intraradices [Gi]) lettuce 
plants cultivated under well-watered or drought-stressed conditions. Blots 
were hybridized with the Gi-1 probe and with the G. intraradices β-
tubulin.  

Table 1. Mycorrhizal colonization reached by Glomus intraradicesz 

Fertilization F (%) M (%) A (%) 

+N 95.5 a 70.2 a 81.9 ab 
+P 94.9 a 63.4 a 77.9 b 
+NP 95.0 a 61.3 a 87.6 a 
Unft. (Ww) 94.1 a 68.1 a 78.8 b 
Unft. (D) 92.1 a 70.0 a 80.8 ab 
z On roots of lettuce plants fertilized with 4 mM N or 0.5 mM P, or both, 

or on unfertilized lettuce roots either well-watered (Ww) or drought 
stressed (D). F = colonization frequency, M = colonization intensity, and 
A = arbuscule richness. Numbers in a column followed by the same 
letter are not significantly different (P < 0.05) as determined by 
Duncan’s multiple range test. 

Table 2. Mycorrhizal colonization reached by Glomus intraradicesz 

Inoculation F (%) M (%) A (%) 

Gi Ww 88.0 a 41.5 b 73.8 b 
Gi+Br Ww 96.0 a 76.5 a 89.3 a 
Gi D 87.0 a 55.0 ab 93.3 a 
Gi+Br D 86.0 a 52.0 ab 98.0 a 
z On soybean co-inoculated (Gi+Br) or not (Gi) with Bradyrhizobium 

japonicum and cultivated under well-watered (Ww) conditions or 
subjected to drought (D). F = colonization frequency, M = colonization 
intensity, and A = arbuscule richness. Numbers in a column followed by 
the same letter are not significantly different (P < 0.05) as determined by 
Duncan’s multiple range test. 
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amplified fragments hybridized with the Gi-1 cDNA probe 
(Fig. 2B).  

Sequence analysis of Gi-1 gene. 
The phage clone containing the Gi-1 cDNA was in vivo ex-

cised and the phagemids recovered and purified for storage 
and sequencing with universal M13 forward and reverse prim-
ers. The Gi-1 cDNA was 665 bp long, including a poly A tail 
at the 3′ end, and the guanine plus citosine content was 36%, 
similar to the content described in other genes of G. intraradi-
ces (Sawaki and Saito 2001) or from Gigaspora rosea 
(Stommel et al. 2001). Gi-1 contained a complete open reading 
frame (ORF) that was predicted to encode a protein of 157 
amino acids (Fig. 3). Sequence analysis using BLAST and 
FASTA software revealed that Gi-1 was novel and does not 
share significant similarity with any sequences in data bases. 
However, a region of the putative protein encoded by this 
cDNA showed 33% identity with glutamine synthetase from 
Helicobacter pylori, although this similarity was of low sig-
nificance (Fig. 3).  

Time-course of Gi-1 expression during AM symbiosis. 
Northern analysis suggested that expression of Gi-1 mRNA 

in the fungus was dependent upon interactions with the roots; 
therefore, we investigated the temporal expression of the Gi-1 
gene during presymbiotic fungal phases and during the inter-
action with lettuce roots. Gi-1 transcript levels were analyzed 
by reverse transcription (RT)-PCR in ungerminated and germi-
nating spores of G. intraradices and by Northern blot in let-
tuce roots during the development of the AM symbiosis. RT-
PCR did not lead to amplification of any cDNA fragment from 
ungerminated or germinating spores, suggesting that, in these 
phases, the corresponding gene was not expressed (Fig. 4). 
Positive control reactions for RT-PCR using ribosomal primers 
designed on the 18S gene were run in parallel. A band of the 
right size (550 bp) was amplified for the three cDNA samples, 
whereas no band was revealed for the RT minus reaction. 
Northern blot experiments showed increasing gene expression 
as the symbiosis progressed (Fig. 5). In fact, lettuce roots were 
progressively colonized by G. intraradices, and the coloniza-
tion levels increased from 27% of the root length at 7 days af-
ter inoculation (dai) to 92% at 35 dai (Table 3). The increase in 

root colonization matched perfectly with the increases in gene 
expression. It reached the maximum transcript levels 35 dai, 
coinciding with the highest intensity of colonization.  

Analysis of Gi-1 expression after N or P fertilization. 
The main role of the AM symbiosis has traditionally been 

attributed to increases in the plant phosphate status and, more 
recently, also in plant N status (Smith and Read 1997). To de-
termine whether Gi-1 transcripts show regulation in response 
to phosphate or nitrogen nutrition, the transcript levels were 
examined in root RNA from lettuce plants fertilized with P or 
N. We observed that P fertilization did not significantly change 
the pattern of Gi-1 transcript accumulation compared with the 
corresponding unfertilized mycorrhizal plants (Fig. 6). In con-
trast, N application increased the amount of Gi-1 transcript 
present in the mycorrhizal roots 2.5-fold; this also was evident 
when N and P fertilization was combined. This effect had a 
clear correlation with the root N concentration and plant 
growth (Fig. 7). In fact, P-fertilized plants did not increase 
plant growth or root N concentration with respect to unfertil-
ized plants, whereas N application (alone or in combination 
with P) increased both root N concentration and plant 
growth.  

Gi-1 expression in soybean roots inoculated  
with G. intraradices only or in dual symbiosis  
with the AM fungus and Bradyrhizobium japonicum  
and subjected or not to drought stress. 

We analyzed the transcript levels in soybean plants inocu-
lated with G. intraradices only or dually infected by the AM 
fungus and by B. japonicum. Plants were either well-watered 
or drought-stressed before harvest. Results from Northern blot 
analysis showed that the Gi-1 transcript levels increased 1.9-
fold in well-watered plants dually inoculated with the AM fun-
gus and B. japonicum, compared with the corresponding non-
nodulated mycorrhizal plants (Fig . 8). This increase coincided 
with a significantly higher intensity of colonization (M%) and 
arbuscule richness (a%) in these dually colonized roots 
compared with the mycorrhizal roots alone (Table 2) and also 
with a higher N content of the dually inoculated plants (Ruiz-
Lozano et al. 2001). In both microbial treatments, drought 
stress decreased the transcript levels 1.9-fold compared with 
the corresponding well-watered plants, but the dually 
inoculated plants continued showing increased Gi-1 
transcript levels with respect to the nonnodulated plants. The 
decrease in transcript levels due to drought was not 
accompanied by a significant decrease in any of the 
mycorrhizal parameters (Table 2). The effect of drought ob-
served in soybean was similar to that already observed in let-
tuce plants.  

DISCUSSION 

The development of a functional AM symbiosis requires a 
complex series of interactions between the two symbionts. Af-
ter root colonization, the fungal partner invades and differenti-
ates within the cortical cells of the root to form arbuscules that 
are assumed to represent the nutrient exchange sites between 
the two symbionts (Alexander et al. 1988; Smith and Smith 
1990). Although the process of colonization has been clearly 
described, the molecular mechanisms underlying the develop-
ment and functioning of the AM symbiosis are still largely un-
known (van Buuren et al. 1999). Identification of the primary 
genetic determinants controlling the formation and metabolic 
activity of the mycorrhizal symbiosis (i.e., P and N scaveng-
ing) will open the door to understanding its function. However, 
this symbiosis adds an additional layer of complexity to the 

 

Fig. 2. A, Electrophoresis on 1.2% agarose gel for polymerase chain reac-
tion products obtained with specific primers designed on Gi-1 sequence 
and genomic DNA of different origins. B, Southern blot hybridization us-
ing the Gi-1 cDNA insert as a probe. M, pGEM marker; lane 1, lettuce 
leaves; lane 2, lettuce roots colonized by Glomus mosseae; lane 3, lettuce 
roots colonized by G. intraradices; lane 4, pea roots colonized by G. 
intraradices; lane 5, spores of G. intraradices; lane 6, no-DNA control; 
lane 7, positive control (plasmid containing Gi-1 cDNA insert).  

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/MPMI.2002.15.4.360&iName=master.img-001.jpg&w=237&h=168


Vol. 15, No. 4, 2002 / 363 

challenge of designing experimental systems and framing 
questions and, thus far, it has been relatively difficult to study 
these primary genetic determinants (Martin 2001). 

In this study, we report the differential screening of a cDNA 
library constructed with RNA from mycorrhizal lettuce roots 
and the identification of a cDNA (Gi-1) which is expressed 
only in mycorrhizal roots. By means of a PCR-based ap-
proach, we have demonstrated that Gi-1 is of fungal origin. It 
contains a complete ORF that is predicted to encode a protein 
of 157 amino acids that shows only weak homology with glut-
amine synthetase from H. pylori. Hence, the real function of 
the gene product is unknown. The time-course analysis of the 
gene expression during the fungal life cycle showed that Gi-1 
was expressed only during the mycorrhizal symbiosis, and we 
could not detect Gi-1 gene expression either in dormant or in 
germinating spores of G. intraradices. The level of Gi-1 tran-
scripts increased as the fungus colonized the roots of the host 
plant. The maximum gene expression coincided with the high-
est intensity of colonization. It may be thought that we are de-
tecting a constitutive fungal gene and that the higher the 
amount of fungal biomass in the colonized roots, the more 
transcripts accumulate. However, data from plants subjected to 
drought do not support this idea. In fact, drought did not affect 
mycorrhizal development in terms of colonization frequency, 
colonization intensity, or arbuscule richness, but Gi-1 tran-
script levels decreased by nearly twofold in lettuce and soy-
bean plants colonized by G. intraradices (a similar effect of 
drought was observed in Northern experiments with maize 
plants colonized by G. intraradices [data not shown]). Simi-
larly, N fertilization did not change levels of mycorrhizal in-
fection but enhanced the level of Gi-1 transcript accumulation. 
Hence, we consider that Gi-1 cDNA corresponds to a gene 
with an active role in the functioning of the mycorrhizal sym-
biosis. 

Data from northern experiments with N- or P-fertilized let-
tuce plants colonized by G. intraradices showed that P fertili-
zation did not change significantly the pattern of Gi-1 expres-
sion compared with that of the unfertilized treatment, whereas 
N fertilization enhanced Gi-1 transcript accumulation consid-

erably. The increase in gene expression correlated with root N 
status and plant growth under such conditions. This suggests 
that the Gi-1 gene may be related to N metabolism in the my-
corrhizal symbiosis. The two most important sources of inor-
ganic N for plants, and potentially for AM fungi, are nitrate 
and ammonium ions. In this study, NH4NO3 was used as a 
source for N although, because of the rapid nitrification of am-
monium that occurs in agricultural soils, nitrate is expected to 
have been the main N source for these plants. For its assimila-
tion, nitrate has to be reduced to ammonia in order to be incor-
porated into organic structures and to fulfill its essential func-
tions as a plant nutrient. The reduction of nitrate to ammonia is 
mediated by two separated enzymes: nitrate reductase, which 
reduces nitrate to nitrite; and nitrite reductase, which reduces 
nitrite to ammonia. However, ammonia is toxic at quite low 
concentrations and has to be incorporated into organic com-
pounds in the roots (Marschner 1986). The formation of amino 
acids, amides, and related compounds is the main pathway of 
detoxification of ammonia. In this pathway, the amino acid 
glutamate acts as the receptor for ammonia and the amide 
glutamine is formed by the enzyme glutamine synthetase. 
Then, the organically bound nitrogen of glutamate and gluta-
mine can be utilized for the synthesis of other amides, as well 
as of ureides, amino acids, and high-molecular-weight com-
pounds such as proteins (Marschner 1986). 

A number of studies recently have demonstrated the impor-
tance of AM symbiosis for the N status of the host plant 
(Azcón et al. 1992, 1996; Faure et al. 1998; Johansen 1999; 
Johansen et al. 1993; Mäder et al. 2000; Tobar et al. 1994a, 
1994b), although little is known about the genetic determi-
nants involved in such functions. In fact, AM fungi seem to 
possess the enzymatic machinery involved in N metabolism. 
So far however, only the gene coding for a nitrate reductase 
(NR) has been identified in DNA from spores of G. intraradi-
ces (Kaldorf et al. 1994). Later in situ hybridization located 
the fungal NR in arbuscules but not in vesicles, suggesting dif-
ferential fungal gene expression in the symbiotic state 
(Kaldorf et al. 1998). The demonstration that nitrate reduc-
tion occurs in arbuscules of AM fungi implies that these 

 

Fig. 3. Alignment between glutamine synthetase from Helicobacter pylory and the putative protein encoded by the Gi-1 gene. Asterisks (*) indicate identical 
amino acids and colons (:) or periods (.) indicate similar amino acids.  
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fungi must have other enzymes involved in N metabolism 
(Burleigh 2000). 

A picture similar to that obtained in N-fertilized lettuce 
plants was observed in soybean plants dually inoculated with 
G. intraradices and B. japonicum compared with the corre-
sponding nonnodulated mycorrhizal plants. Despite the fact 
that nonnodulated plants were fertilized with 3 mM of 
NH4NO3, the nodulated plants showed higher N contents 
(Ruiz-Lozano et al. 2001) and also higher Gi-1 transcript lev-
els. However, according to Schubert (1986), N derived from 
N2-fixation (as ammonia) is made directly available to the host 
plant via the root nodule, and thus, it is not expected that the 
mycorrhizal fungus could be involved in the transport and 
transfer of such N to the host plant. Hence, it is possible that 
Gi-1 is involved in an intermediary step of the synthesis of 
amides, ureides, amino acids, or proteins and that the amount 
of N available in the roots modulates Gi-1 gene expression. To 
support this hypothesis, we observed in this study that drought 
stress significantly decreased Gi-1 transcript accumulation 
both in lettuce and in soybean roots. Drought stress has been 
shown to reduce N availability for plants by reducing its flux 
to the root (Azcón et al. 1996; Tobar et al. 1994b) and this 
could explain the lower Gi-1 transcript levels in drought-
stressed lettuce roots. In the same way, drought stress causes 
premature root nodule senescence in legume plants, decreasing 
their ability for N2-fixation (Gogorcena et al. 1995; Ruiz-
Lozano et al. 2001). The drought-stressed soybean plants used 
in this study had a lower N content than their corresponding 
well-watered treatments (Ruiz-Lozano et al. 2001), as well as 
having decreased Gi-1 transcript levels. 

In conclusion, we have identified a gene from the AM fun-
gus G. intraradices which is expressed at high levels during 
AM symbiosis and which is up-regulated by N availability in 
the root. Our current hypothesis is that the Gi-1 gene product 
has a role in the synthesis of nitrogen compounds.  

MATERIALS AND METHODS 

Plant inoculation and growth conditions. 
Seeds of Lactuca sativa L. cv. Romana were inoculated at 

sowing time with one of two AM species as described previ-
ously (Ruiz-Lozano et al. 2000). The AM species were G. in-
traradices (Schenck and Smith) isolate BEG 121 or G. 
mosseae (Nicol. and Gerd.) Gerd. and Trappe, isolate BEG 
122. Uninoculated plants received the same amount of auto-
claved inoculum together with a 2-ml aliquot of a filtrate (<20 
µm) of the AM inoculum in order to provide a general micro-

bial population free of AM propagules. Four seeds were sown 
in plastic pots containing 500 g of a sterilized soil/sand mix-
ture (1:1, vol/vol) and thinned after emergence to leave one 
seedling per pot. The soil characteristics were as described 
previously (Ruiz-Lozano et al. 2000). 

In a second experiment, soybean (Glycine max L. cv. 
Williams) seeds were sterilized in a 15% H2O2 solution for 8 
min, then washed several times with sterile water to remove 
any trace of chemical that could interfere in seed germination 
and placed on sterile vermiculite at 25°C to germinate. Three-
day-old seedlings were transferred to plastic pots containing 
600 g of sterilized soil/sand mixture (1:1, vol/vol). Inoculum 
of G. intraradices isolate BEG 121 (10 g) was added to the 
pots at sowing time just below soybean seedlings. When ap-
propriate, a suspension (2 ml of seed) of the diazotrophic bac-
terium B. japonicum strain USDA 110 (109 cell ml–1) was 
sprinkled over the seedling at the time of planting. Nonnodu-
lated plants received 3 mM of NH4NO3, in an attempt to obtain 
plants of size and nutrient content similar to those in the nodu-
lated treatment (Ruiz-Lozano et al. 2001). 

Plants were grown in a controlled environmental chamber 
with 70 to 80% relative humidity, day and night temperatures 
of 25 and 15°C, respectively, and a photoperiod of 16 h at a 
Photosynthetic photon flux density (PPFD) of 460 to 500 µmol 
m–2 s–1 (model LI-188B; Licor, Lincoln, NE, U.S.A.). For the 
time-course experiment with lettuce plants colonized by G. in-
traradices, plants were harvested 7, 14, 21, or 35 dai. The rest 
of the plants (lettuce and soybean) were harvested 45 days af-
ter starting the experiment. 

For both plant experiments, soil water potential (Ψ) was de-
termined as previously described (Ruiz-Lozano et al. 2001). 
Water was supplied daily to maintain constant soil water po-
tential close to –0.04 MPa (field capacity) during the first 5 
weeks of plant growth. At that time, a group of plants in each 
experiment was drought stressed by allowing them to dry until 
soil water potential reached –0.17 MPa; they were maintained 
under such conditions for a further 10 days. In order to control 
the level of water stress, pots were weighed daily (at the end of 
the afternoon) and the amount of water lost was added to the 
pot in order to maintain soil Ψ close to –0.17 MPa during the 
entire drought period. 

To determine the effect of N and P fertilization on Gi-1 ex-
pression, lettuce plants inoculated with G. intraradices were 
fertilized with 4 mM NH4NO3, 0.5 mM KH2PO4, or both. Two 
weeks after planting, plants were fertilized weekly by adding a 
diluted N or P solution at 10 ml week–1 pot–1, so that the total 
amount provided at the end of the experiment reached the de-
sired 4 mM of N or 0.5 mM of P. At harvest, shoot dry weight 
was measured after drying in a forced draught oven at 70°C 
for 2 days. Concentration of N (micro-Kjeldahl) in root tissues 
was measured. Parameters of mycorrhizal colonization were 
determined after trypan blue staining of roots (Trouvelot et al. 

 

Fig. 5. Northern blot of root total RNA (20 µg) from Glomus intraradices-
colonized lettuce plants. Plants were harvested at 7, 14, 21, or 35 days af-
ter inoculation. Blots were hybridized with the Gi-1 probe and with the G. 
intraradices β-tubulin probe (accession number BE603903) for calibration 
of Gi-1 gene expression.  

 

Fig. 4. Electrophoresis on 1.2% agarose gel for reverse transcription-poly-
merase chain reaction products obtained with specific primers designed on 
Gi-1 sequence or with ribosomal primers and cDNA of different origins. 
M, pGEM size marker; lane 1, ungerminated spores; lane 2, germinating 
spores; lane 3, negative control reaction without RT; lane 4, positive con-
trol (cDNA from lettuce roots colonized by Glomus intraradices).  
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1986) in five replicate plants for each treatment. Percentages 
were arcsin transformed, and data were subjected to analysis 
of variance. Differences among means were analyzed for sig-
nificance by Duncan’s multiple range test (Duncan 1955).  

RNA isolation, construction  
of the cDNA library, and screening. 

Total RNA was extracted from lettuce roots heavily colo-
nized (more than 90% of root length) with G. intraradices by 
phenol/chloroform extraction (Kay et al. 1987) and used for 
polyA isolation with the PolyAtract mRNA isolation system 
(Promega Corp., Madison, WI, U.S.A.). cDNA was synthe-
sized from 5 µg of polyA RNA and cloned into the bacterio-
phage lambda ExCell vector (Amersham, Little Chalfont, 
U.K.). The library was screened by differential hybridization 
of identical plaque lifts. Approximately 104 λ bacteriophage 
particles were plated at low density (1,500 to 2,000 PFU per 
plate) on the host Escherichia coli (strain NM522). After incu-
bation for 7 to 8 h at 37°C, the colonies were produced, and 
the petri plates placed at 4°C for 1 h to harden the top agarose. 
They were then overlaid with a Hybond-N+ nylon membrane 
(Amersham) and left for 2 min at room temperature or 4 min 
for duplicate filters. DNA was denatured and fixed by auto-
claving the filter for 5 min at 120°C. Each of the duplicate fil-
ters was then hybridized at 65°C with a total cDNA radioac-
tive probe from mycorrhizal roots or from uninoculated con-
trol roots under standard conditions (Sambrook et al. 1989). 
After washing twice for 5 min at room temperature in 2× SSC 
(1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 
0.1% sodium dodecyl sulfate (SDS) and once for 15 min at 
65°C in 0.5× SSC and 0.1% SDS, membranes were exposed 
overnight to Kodak X-RAY-OMAT at –70°C. 

Differentially detected phage clones were used as template 
for PCR-based screening with universal M13 forward and re-
verse primers in order to verify the purity of the clones as well 
as the size of the inserts. The PCR products obtained were di-
vided into two equal fractions, separated in agarose gels, and 
transferred onto nylon membranes (Martin-Laurent et al. 

1995). Southern blot analysis was used to confirm differen-
tially expressed clones by probing the membranes with 32P-la-
beled cDNA from mycorrhizal and control lettuce roots. Dif-
ferentially detected phage clones were submitted to in vivo ex-
cision on the pExCell phagemid as recommended by the man-
ufacturer (Amersham).  

Plant and fungal DNA isolation and PCR. 
Plant DNA was extracted by the method described by 

Dellaporta and associates (1983). Fungal DNA was extracted 
as previously described (Ruiz-Lozano and Bonfante 2000). 

Genomic DNA (50 ng) from lettuce leaves and from G. in-
traradices-colonized lettuce and pea roots, as well as from G. 
intraradices spores, served as templates for PCR with 0.5 µM 
concentrations of specific primer designed on the Gi-1 se-
quence (primer forward 5′-CTTACCCAGAGAAAATAAC G-
3′; primer reverse 5′ CCTGCTCGAATCAATATCC-3′), 100 
µM dNTPs, 1× PCR buffer (Sigma-Aldrich, St. Louis), 2.5 
mM MgCl2, and 0.25 U Taq DNA polymerase (Sigma-
Aldrich). A Perkin-Elmer/Cetus DNA Thermal Cycler was em-
ployed with the following parameters: initial denaturation at 
95°C for 4 min, followed by 30 cycles of denaturation at 94°C 
for 30 s, annealing at 56°C for 45 s, elongation at 72°C for 45 
s, and a final elongation at 72°C for 5 min. PCR products were 
separated in a 1.2% agarose gel for visualization by ethidium 
bromide staining and later Southern blot hybridization with the 
Gi-1 probe under standard conditions (Sambrook et al. 1989).  

RT-PCR. 
Total RNA was extracted from surface-sterilized (3% 

chloramine T, 0.03% streptomycin for 20 min) dormant and 
germinating (water) spores of G. intraradices using RNeasy 
Plant Mini Kit (Qiagen, Hilden, Germany) and then subjected 
to DNase treatment according to Promega’s recommendations. 
Total RNA (500 ng) from both treatments or from G. intra-
radices-infected lettuce roots was reverse transcribed to first 

 

Fig. 7. Shoot dry weight (g plant–1) and root N concentration (mg g dw–1) 
of lettuce plants colonized by Glomus intraradices and either unfertilized 
or fertilized with 4 mM NH4NO3 (+N), 0.5 mM KH2PO4 (+P), or both nu-
trients (+NP).  

Fig. 6. Northern blot of root total RNA (20 µg) from Glomus intraradices-
colonized lettuce plants. Plants were either fertilized with 4 mM NH4NO3
(+N), 0.5 mM KH2PO4 (+P), or both nutrients (+NP), or unfertilized (U). 
Blots were hybridized with the Gi-1 probe and with the G. intraradices β-
tubulin probe (accession number BE603903) for calibration of Gi-1 gene
expression.  

Table 3. Mycorrhizal colonization reached by Glomus intraradicesz 

Harvest time F (%) M (%) A (%) 

7 dai 27 c 30 c 25 b 
15 dai 45 b 35 c 30 b 
21 dai 87 a 50 b 88 a 
35 dai 92 a 71 a 81 a 
z On lettuce roots harvested 7, 15, 21, or 35 days after inoculation (dai).

F = colonization frequency, M = colonization intensity, and A =
arbuscule richness. Numbers in a column followed by the same letter are 
not significantly different (P < 0.05) as determined by Duncan’s multiple 
range test. 
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strand cDNA using AMV-RT enzyme (Finnzymes, Espoo, 
Finland) and either NS31 primer (Simon et al. 1992) or 
oligo(dT)15 primer (Promega Corp.) in a final volume of 25 µl 
with the buffer and temperature recommended by the enzyme 
supplier. Aliquots (1 µl) of the obtained cDNA were used for 
PCR, either with the specific primers designed on Gi-1 se-
quence or with AM1 (Helgason et al. 1998) and NS31, under 
conditions similar to those described above.  

Sequencing the cloned cDNA and analyses. 
Sequencing was performed by the dideoxy-sequencing 

method (Sanger et al. 1977) using fluorescent dye-linked uni-
versal M13 primers and a Perkin-Elmer ABI Prism model 373 
DNA sequencer. Similarity searches were carried out in the 
EMBL databank using the FASTA program or the BLAST 
software available online from the National Center for Bio-
technology Information.  

Northern blot analysis. 
Northern blot analysis was performed as described previ-

ously (Ruiz-Lozano et al. 1999). Briefly, after electrophoresis 
on 1.2% agarose gel containing 2.2 M formaldehyde, total 
RNA (20 µg) was blotted onto Hybond-N+ nylon membranes 
(Amersham) by capillarity (Sambrook et al. 1989). Blots were 
prehybridized 2 to 3 h at 62°C in 6× Denhardt’s solution, 5× 
SSC, and 0.5% SDS and hybridized with a Gi-1 probe ob-
tained by radioactive PCR labeling of plasmid insert. Unincor-
porated 32P was removed using Mini Quick Spin columns 
(Boehringer Manheim, Indianapolis, IN, U.S.A.). A total of 
107 cpm probe was heat denatured and used to hybridize the 
blots overnight at 62°C under standard conditions (Sambrook 
et al. 1989). After washing twice for 5 min at room tempera-
ture in 2× SSC and 0.1% SDS and once for 15 min at 57°C in 
the same solution, membranes were exposed overnight to 
Kodak X-RAY-OMAT at –70°C. Blots were subsequently hy-
bridized with the β-tubulin gene probe from G. intraradices 
(accession number BE603903) under the conditions mentioned 
above. Gi-1 and β-tubulin signals on autoradiograms were 
analyzed and quantified using Quantity One software (BioRad, 
Hemel Hempstead, U.K.). Transcript accumulation levels were 
normalized according to β-tubulin signals on autoradiograms. 
Northern blot analyses were repeated twice using two different 
sets of plants and RNA for all treatments.  
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