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The symbiosis between plant roots and arbuscular mycorrhizal (AM) fungi has been shown to affect both the
diversity and productivity of agricultural communities. In this study, we characterized the AM fungal com-
munities of Solanum tuberosum L. (potato) roots and of the bulk soil in two nearby areas of northern Italy, in
order to verify if land use practices had selected any particular AM fungus with specificity to potato plants. The
AM fungal large-subunit (LSU) rRNA genes were subjected to nested PCR, cloning, sequencing, and phylo-
genetic analyses. One hundred eighty-three LSU rRNA sequences were analyzed, and eight monophyletic
ribotypes, belonging to Glomus groups A and B, were identified. AM fungal communities differed between bulk
soil and potato roots, as one AM fungal ribotype, corresponding to Glomus intraradices, was much more
frequent in potato roots than in soils (accounting for more than 90% of sequences from potato samples and less
than 10% of sequences from soil samples). A semiquantitative heminested PCR with specific primers was used
to confirm and quantify the AM fungal abundance observed by cloning. Overall results concerning the
biodiversity of AM fungal communities in roots and in bulk soils from the two studied areas suggested that
potato roots were preferentially colonized by one AM fungal species, G. intraradices.

Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs,
forming mutualistic relationships with a broad range of host
plant species (42). Arbuscular mycorrhizal (AM) associations
are generally considered to be nonspecific, as the same AMF
species is able to colonize the roots of different host plants,
which in turn can be colonized by various AMF species (13, 38,
52). However, results from some studies show that preferential
associations between plants and AMF may exist (4, 7, 13, 32,
56), and reciprocal interactions between AMF and the plant
community, based on reciprocal feedback, have been proposed
(2, 3, 4). In particular, differential responses by plant species to
individual isolates and species of AMF (43), leading to varia-
tions in the plant community composition and productivity and
depending on the diversity and identity of the AMF (23, 51),
have been observed previously.

Although most plants used in agriculture and horticulture
form arbuscular mycorrhizae, agricultural management prac-
tices may affect the composition and diversity of AMF com-
munities, as well as spore and mycelium densities, in both
temperate and tropical agroecosystems (24). In general, agri-
cultural practices have a negative impact on the AM associa-
tion (8, 14); AMF abundance is reduced by phosphorus (P)
fertilization (14, 33) and by crop cultivation, due mainly to
either mechanical disturbance by tillage or a change of host

plants in crop rotation systems. Moreover, seasonal variations
in the abundance of AMF in agricultural soil have been ob-
served (22).

Few data are available concerning potato plants and AMF.
The influence of AMF species on the potato response to P
nutrition (25, 26) and the effect on tuber yield and size (9) or
on productivity (27) have been analyzed previously. Also, po-
tato plants were used as trap cultures in order to study plants
that, in crop rotation, could be used to enhance potato AM
fungal inocula (5). However, to our knowledge, no data are
available about the host specificities of AM fungal species with
regard to potato plants.

In our study, we analyzed an agricultural site renowned for
potato and onion production, where potatoes have been grown
for about 150 years and a 5-year crop rotation (wheat, pota-
toes, maize or onion, wheat, and sugar beets) has been applied
for at least 40 years. The indigenous AM fungal communities
in the soil and in the roots of potatoes were detected by
molecular methods and compared, in order to verify if these
typical land use practices have selected particular AMF
ecotypes with host specificity to potato plants.

MATERIALS AND METHODS

Study site and soil and potato sampling. The study was performed in an
agricultural area around Castelnuovo Scrivia, Italy (geographical position: lati-
tude, 44°58�53�N; longitude, 08°52�56�E; altitude, 85 m above sea level). Con-
sidering the geographical features (position relative to rivers and streams and
orientation), chemical features (pH, P content, and organic matter content), and
pedological features (percentages of silt, clay, and sand) of the territory, two
homogenous areas of 40 km2, called Castelnuovo Scrivia North (CSN; pH 7.98;
total Pi content, 731 mg/kg; available Pi, 18 mg/kg; organic matter content,
1.56%; silt content, 48.44%; clay content, 23.12%; sand content, 28.44%; U.S.
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Department of Agriculture classification, loam) and Castelnuovo Scrivia South
(CSS; pH 8.00; total Pi content, 758 mg/kg; available Pi, 17 mg/kg; organic matter
content, 2.04%; silt content, 56.00%; clay content, 32.85%; sand content,
11.15%; U.S. Department of Agriculture classification, silt-clay-loam), were rec-
ognized, and in each of them four fields were selected. In each of these fields,
potatoes (Solanum tuberosum L.) were planted in April 2005 at a depth of 15 cm
and at a distance of 28 cm from one another in furrows separated by 75 cm.
Potato plants and soils were sampled in June 2005. Four potato plants in each
field were randomly selected, and their roots were pooled together to obtain a
mixed root sample for each area. In each field, four core samples of soil (500 g
each) were also collected from the first 20-cm layer. The soil samples were sieved
through 4-mm pores to eliminate large particles and homogenized to achieve a
pooled sample for every field.

Assessment of root colonization. Mycorrhizal frequency, the level of mycor-
rhizal colonization, arbuscule abundance, and arbuscule abundance in the colo-
nized area were evaluated microscopically according to the method of Trouvelot
et al. (47). Briefly, 30 randomly chosen 1-cm-long pieces of potato roots were cut,
cleared for 20 min at 60°C in 10% KOH, stained with 1% methyl blue in lactic
acid, and mounted onto slides. Results were statistically analyzed by analysis of
variance followed by Fisher’s protected least-significant-difference test, with the
cutoff for significance at a P value of 0.05.

DNA extraction from potato roots. All the procedures concerning DNA ex-
traction and analyses are summarized in Fig. 1. For each area, one root genomic
DNA extraction was performed (yielding samples CSN-R and CSS-R) (Fig. 1).
The previously pooled root samples were rinsed in water and dried at 50°C
overnight before being processed as described by Farmer et al. (11). A 1-g
sample of roots was assembled by randomly taking pieces from different parts of
the pooled root samples obtained from each field and homogenizing the mixture
in liquid nitrogen and then in 8 ml of extraction buffer (0.1 M Tris-HCl [pH 8.0],
0.1 M NaCl, 0.1 M EDTA [pH 8.0], 2% sodium dodecyl sulfate, 1% polyvinyl
polypyrrolidone). After 15 min of incubation at 70°C and 10 min of centrifuga-
tion at 14,000 � g at 4°C, the supernatant was recovered and mixed with 1/10
(vol/vol) 5 M sodium acetate, pH 5.5. After a second centrifugation (5 min at
14,000 � g and 4°C), DNA was precipitated at �20°C by adding 2 volumes of
isopropanol. After centrifugation, the pellet was rinsed with 500 �l of 75%
ethanol, dried, resuspended in 50 �l of sterile distilled water, and purified using
the Geneclean Turbo kit (Qbiogene).

The quality and quantity of DNA in the samples were verified spectrophoto-
metrically at 260 and 280 nm, and the DNA was visualized after being stained
with ethidium bromide on a 0.8% agarose gel in TAE buffer (40 mM Tris, pH 7.8,
20 mM acetic acid, 2 mM EDTA) under UV light (37).

DNA extraction from soil. For each of the four fields per area, the soil samples
were pooled and an aliquot (250 mg) of soil was used for genomic DNA extraction
with the Power soil DNA isolation kit according to the recommendations of the
manufacturer (MO BIO). The quality and quantity of DNA in the four soil genomic
DNA samples per area (CSN-B1, CSN-B2, CSN-B3, and CSN-B4 and CSS-B1,
CSS-B2, CSS-B3, and CSS-B4) were checked as described above (Fig. 1).

PCR amplification of a partial LSU rRNA gene region. Five-microliter sam-
ples of genomic DNA at different dilutions (1:1, 1:5, 1:10, 1:100, 1:500, and
1:1,000) were used for the amplification of a partial large-subunit (LSU) rRNA
gene region. In order to enhance the efficiency of the amplification and increase
the amount of DNA available for cloning, a heminested PCR was carried out
using the primer pairs LR1 (52) and FLR2 (48) for the first amplification step
and LR1 and FLR4 (13) for the second one. The reactions were performed in a
final volume of 20 �l containing 2 �l of 10� PCR buffer (Qbiogene), 125 �M
(each) deoxynucleoside triphosphates (dNTPs), 500 nM (each) primers, and 0.4
U of Taq polymerase (Qbiogene). In the first PCR, 1 �l of T4 bacteriophage 32
(Qbiogene) was also added and 5 �l of diluted or undiluted root or soil genomic
DNA extract was added to 15 �l of the PCR mix. Each reaction mix was overlaid
with mineral oil, and the amplifications were performed in a thermal cycler
(T3000 thermocycler; Biometra). The PCR program was as follows: 93°C for 1
min, 58°C for 1 min, and 72°C for 1 min (30 cycles), followed by 5 min at 72°C.
For the second amplification, 5-�l aliquots of the products of the first PCR were
diluted 1:500 and 1:1,000 and used as templates under the same PCR conditions.
PCR products were separated by gel electrophoresis on a 1.4% agarose gel in
TAE buffer, and DNA was visualized under UV light after being stained with
ethidium bromide (37).

Cloning of PCR products and sequencing. The LR1/FLR4 heminested PCR
products were cloned into the pCR4-TOPO vector by using the TOPO TA
cloning kit for sequencing according to the recommendations of the manufac-
turer (Invitrogen), and chemically competent Escherichia coli TOP 10 cells (In-
vitrogen) were transformed with the vector.

For the soil from each area, the four LR1/FLR4 products (CSN-B1, CSN-B2,

CSN-B3, and CSN-B4 or CSS-B1, CSS-B2, CSS-B3, and CSS-B4) generated by
four reactions were pooled two by two, in equimolar quantities, in the following
way: for CSN soil, CSN-B1 and CSN-B2 were pooled to yield CSN-Ba, and
CSN-B3 and CSN-B4 were pooled to yield CSN-Bb, whereas for CSS soil,
CSS-B1 and CSS-B3 were pooled to yield CSS-Ba, and CSS-B2 and CSS-B4 were
pooled to yield CSS-Bb. In this way, two cloning reactions per area (CSN and
CSS) were performed. In contrast, for the potato roots from each area, one
LR1/FLR4 product (CSN-R or CSS-R) was obtained and cloned. The steps
involved in preparing the PCR fragment pools are schematically represented in
Fig. 1.

The presence of cloned inserts was checked by PCR using the LR1 and FLR4
primers directly on the bacterial colonies diluted in water and lysed at 100°C for
5 min. The reactions were performed in a final volume of 25 �l containing 2.5 �l
of 10� PCR buffer (Qbiogene), 125 �M (each) dNTPs, 500 nM (each) primers,

FIG. 1. Diagram of work flow to prepare the PCR fragment pools
used in this study. To prepare PCR fragments from soil, one aliquot of
soil for each of the four selected fields per area was used for genomic
DNA extraction. Four genomic DNA samples per area (CSN-B1,
CSN-B2, CSN-B3, and CSN-B4 and CSS-B1, CSS-B2, CSS-B3, and
CSS-B4) were obtained and used in a heminested PCR in which the
primer pairs LR1 and FLR2 for the first amplification step and LR1
and FLR4 for the second step were applied. The four LR1/FLR4
heminested PCR products (CSN-B1, CSN-B2, CSN-B3, and CSN-B4
and CSS-B1, CSS-B2, CSS-B3, and CSS-B4) were pooled two by two in
equal molar quantities as follows: CSN-B1 and CSN-B2 were pooled to
yield CSN-Ba, CSN-B3 and CSN-B4 were pooled to yield CSN-Bb,
CSS-B1 and CSS-B3 were pooled to yield CSS-Ba, and CSS-B2 and
CSS-B4 were pooled to yield CSS-Bb. The PCR products were then
cloned into the pCR4-TOPO vector. To prepare PCR fragments from
potato roots, a pooled root sample from each area was obtained by
mixing potato roots randomly selected from each field. One root
genomic DNA sample (CSN-R or CSS-R) per area was assessed, and
one LR1/FLR4 heminested PCR product (CSN-R or CSS-R) per area
was cloned into the pCR4-TOPO vector. Finally, inserts from ran-
domly selected clones were sequenced and analyzed by using bioinfor-
matics tools.
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and 0.5 U of Taq polymerase (Qbiogene). An aliquot (2 �l) of diluted bacterial
colonies was added to a 23-�l PCR mix. Amplifications were performed as
described before, except for the number of cycles (27 cycles). One strand of
inserts obtained from randomly selected clones in each LSU rRNA gene library
was sequenced using the LR1 primer, in order to analyze about 50 sequences
from each soil or potato root sample. In particular, 24, 24, 22, 22, 48, and 43 PCR
fragments obtained from CSN-Ba, CSN-Bb, CSS-Ba, and CSS-Bb soil libraries
and from CSN and CSS potato root libraries, respectively, were sequenced.
Sequencing was performed using Genome Express (Meylan, France) according
to the BigDye Terminator protocol. Results were compared to known sequences
using the BLASTN algorithm (1).

Sequence analyses and reconstruction of phylogenetic trees. An alignment of
the sequences over 710 bp was performed using ClustalW 1.8.1, and the align-
ment was optimized manually using the Se-Al version 2.0 software (University of
Oxford). Phylogenetic analyses were performed using the neighbor-joining (NJ)
algorithm and G. versiforme as the out-group. The reliability of the internal
branches of the NJ tree was assessed using the bootstrap method with 1,000
replicates. Trees were drawn using NJplot (http://biom3.univ-lyon1.fr).

Diversity analyses. Rarefaction analyses (16, 34) were applied in order to
determine if the number of tested clones sufficiently represented Glomeromy-
cota diversity in the soils and in the roots. The rarefaction curves were produced
by plotting the number of ribotypes observed against the number of sequences
obtained using the freely available Analytic Rarefaction version 1.3 software
(http://www.uga.edu/�strata/software/anRareReadme.html).

To compare the degrees of richness and evenness of AMF in soils and in
potato roots, the Shannon and Simpson diversity indices (H and D, respectively)
and the Shannon equitability index (EH) were applied using the following for-
mulas:

H � � �
i � 1

S

pi ln pi

D � �
i � 1

S
ni	ni � 1


N	N � 1


EH � H/ln S

For Shannon’s diversity index, pi is the proportion of sequences belonging to
each ribotype relative to the total number of sequences. For Simpson’s diversity
index, ni is the number of ribotypes and N is the total number of sequences. In
both formulas, i represents each species and, as for Shannon’s equitability index,
S is the total number of ribotypes (31).

Semiquantitative PCR analyses. PCR products obtained from the first reac-
tion using LR1 and FLR2 primers were used as templates in a new reaction using
taxon-specific primers in combination with LR1 or FLR4. The pairs of primers
for each taxon were as follows: FLR4 and 5.25 for G. mosseae (53), LR1 and 8.24
for G. intraradices (11), LR1 and Getunsp2 for G. etunicatum and G. claroideum
(these two species, belonging to Glomus group B, are closely related and cannot
be distinguished with the primers used [11, 36]), and LR1 and 53.12 for G.
geosporum (19). Five microliters of the first PCR amplification product diluted
1:500 was added to a 15-�l PCR mix. The reactions were performed in a final
volume of 20 �l containing 2 �l of 10� PCR buffer (Qbiogene), 125 �M (each)
dNTPs, 500 nM (each) primers, and 0.4 U of Taq polymerase (Qbiogene). PCR
conditions were identical to those described above, but the number of cycles was
15, 17, 19, 21, 23, or 25 in order to characterize the exponential phase of the
PCR. Five-microliter samples of the PCR products were analyzed by gel elec-
trophoresis on a 1.4% agarose gel in TAE buffer, and the products were stained
with ethidium bromide and quantified by densitometry using Quantity One
version 4.4.1 software (Bio-Rad Laboratories). In particular, the PCR products
were quantified at different step points of the amplification process to ensure that
the quantification of the most abundant product was performed during the
exponential phase of the reaction. After it was established that the most abun-
dant PCR product was quantified in the exponential phase of the PCR, the other
PCR fragments were quantified at the same step point. The band intensity was
expressed as the relative optical absorbance.

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in this study have been deposited in the EMBL database under the
accession numbers AM947863 to AM947934.

RESULTS

Soil composition. The soils in the two areas had similar pHs
and amounts of total and available Pi. They differed in terms of
pedological structure, with soil from the CSN area being more
sandy than that from the CSS area; the Pi concentrations were
high in all fields.

Root colonization by AMF. The levels of colonization of the
root systems in areas CSN and CSS were 5.5 and 2.1%, respec-
tively (Table 1). In contrast, the proportions of root fragments
which were in contact with an AMF (the mycorrhizal frequen-
cies) (Table 1) were 30.7 and 16.7%, respectively, revealing the
presence of active fungi in the soil. Although relatively small
fractions of the root systems were colonized, the levels of
arbuscule abundance in the colonized areas were high.

Amplification of AM fungal LSU rRNA gene sequences from
soil and root tissues and diversity analyses. LR1/FLR4 PCR
products obtained from the DNA in potato root samples or soil
extracts were used to construct LSU rRNA gene libraries, from
each of which randomly selected clones were sequenced. No
chimeric clones were detected by BLAST analyses, and the
sequences obtained had high degrees of similarity to Glomero-
mycota LSU rRNA gene sequences. The size of the amplified
LR1/FLR4 fragment was around 720 bp for all sequences
analyzed, corresponding to that expected for Glomus species;
no sequences corresponding to Gigasporaceae or Acaulospo-
raceae were detected. After phylogenetic analyses of the 183
sequences, eight monophyletic ribotypes could be distin-
guished on the basis of bootstrap values of more than 980‰
(Fig. 2). Three groups, G. mosseae (group 1), G. intraradices
(group 6), and G. claroideum (group 7) sequences, clustered
with previously identified AMF sequences. Five other groups
did not cluster with any known Glomus sequence (Fig. 2). Most
of the sequences obtained from the LSU rRNA gene originat-
ing from potato root samples clustered with the G. intraradices
group (92% for CSN roots and 95% for CSS roots), whereas
among the sequences obtained from the soils, only 3 (6.25%)
of 48 and 2 (4.5%) of 44 sequences from CSN and CSS,
respectively, clustered with the G. intraradices group (Fig. 3).

To determine if the number of clones sequenced was suffi-
cient to represent Glomeromycota diversity in the soil and in
the potato roots, rarefaction curves were constructed (Fig. 4).
The data indicated that the number of sequences analyzed per
sample provided coverage of AM fungal diversity. In fact, all
the rarefaction curves almost reached a plateau, and the range

TABLE 1. Mycorrhizal frequency, mycorrhizal colonization,
arbuscule abundance, and arbuscule abundance in the

colonized area at the time of harvesta

Sample
source F (%) M (%) A (%) a (%)

CSN 30.7 � 6.5 5.5 � 2.1 4.9 � 2.2 80.9 � 9.2
CSS 16.7 � 1.9 2.1 � 0.7 1.8 � 0.6 83.1 � 5.5

a F, mycorrhizal frequency (percentage of root fragments in contact with
AMF); M, level of mycorrhizal colonization (percentage of root system colo-
nized); A, arbuscule abundance (percentage of root system with arbuscules); a,
arbuscule abundance in the colonized area (percentage of colonized root system
with arbuscules). Values are means � standard deviations. Differences between
values for the two areas were statistically significant (P � 0.05) in all cases.
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FIG. 2. NJ tree representing AM fungal sequences isolated from CSN and CSS soils and potato roots in this study (designations in bold) in
comparison to known sequences (�). Bootstrap values were estimated from 1,000 replicates. Ribotypes, defined as sequence groups showing
bootstrap values of �980‰, are indicated.
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of the standard deviation decreased as the sample size in-
creased.

The Shannon and Simpson indices of diversity and evenness
were applied in order to compare the degrees of richness and
evenness of AMF in soils and in potato roots (Table 2). The
numbers of expected ribotypes in soils (five ribotypes for CSN
and six ribotypes for CSS) were higher than those in potato
roots (two ribotypes for both CSN and CSS); D and H values
for soils corresponded to a higher level of sequence diversity
(richness) than those for potato roots, and EH values for soils
showed a higher degree of evenness than those for potato
roots.

Monitoring of AMF in field trials using specific PCR prim-
ers. Previously developed specific PCR primers in combination
with LR1 or FLR4 were used in a semiquantitative PCR to
detect G. mosseae, G. intraradices, G. geosporum, and G. etu-
nicatum/G. claroideum. Soil and potato PCR products ob-
tained from the first reaction with LR1 and FLR2 primers were
used as templates for a semiquantitative heminested PCR with
the taxon-specific primers, the PCR products obtained at dif-
ferent cycles of amplification were quantified, and quantifica-
tion was confirmed to be performed during the exponential

phase. Figure 5 illustrates the signal intensities of soil and
potato PCR fragments obtained during an exponential step
point of a semiquantitative heminested PCR. G. intraradices
was more abundant in potato roots than in the corresponding
soil, whereas G. claroideum/G. etunicatum was more abundant
in the soil than in the potato roots. The absolute values ob-
tained for the four fungal species or groups using different
primers cannot be compared directly, as the amplification ef-
ficiency of each primer pair was not estimated. Nevertheless,
the ratios of the species in soil versus root samples can be
compared. The abundance of G. etunicatum/G. claroideum in
potato roots was approximately equal to that of G. mosseae,
whereas in the soil, G. etunicatum/claroideum was much more
abundant than G. mosseae. In potato roots, G. intraradices was
five to six times more abundant than G. etunicatum/claroideum,
whereas in the soil, G. etunicatum/G. claroideum was 2.5- to
3-fold more abundant than G. intraradices. G. geosporum, de-
tected in both soils at a level similar to that of G. mosseae,
could not, contrary to G. mosseae, be detected in the roots of
potato plants grown in either field.

DISCUSSION

In this study, the diversity of the AM fungal community was
examined by assessing the diversity of the LSU rRNA gene
(52) in two soils with different features in areas where crop
rotation is applied.

To optimize the cloning reaction and reduce the possible
cloning bias, a strategy similar to that described by Renker et

TABLE 2. Shannon and Simpson diversity indices and Shannon
equitability values to compare degrees of soil and root

richness and evenness

Sample type H EH D

CSN soil 1.176 0.731 0.308
CSS soil 1.376 0.768 0.227
CSN potato 0.287 0.414 0.777
CSS potato 0.188 0.271 0.728

FIG. 3. Bar plot showing the relative proportions of monophyletic
groups originating from soils and from potato roots, as identified by
the NJ algorithm and the bootstrap method with 1,000 replicates. G.
claroi, G. claroideum; G. intra, G. intraradices; G. moss, G. mosseae.

FIG. 4. Rarefaction curves for LSU rRNA gene libraries from CSN
soil (closed triangles), CSS soil (closed squares), CSN potato roots
(open triangles), and CSS potato roots (open squares) determined
using the Analytical Rarefaction program version 1.3 (http://www.uga
.edu/�strata/software/anRareReadme.html).

FIG. 5. Optical density measurements obtained for the PCR frag-
ments during the exponential phase of semiquantitative PCR to detect
G. intraradices (G. intra; primer pair LR1/8.24), G. geosporum (G.
geosp; primer pair LR1/53.12), G. etunicatum/G. claroideum (G. etun/
claroi; primer pair LR1/Getunsp2), and G. mosseae (primer pair
FLR4/5.25) in the soil and potato root samples. The data shown are
representative of results for at least three replicas.
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al. (35) was used. Several DNA extractions from samples from
the same area were performed, and the extracted DNA was
combined before cloning. From the phylogenetic analyses of
183 AM fungal sequences obtained from soils and potato
roots, eight monophyletic ribotypes defined on the basis of the
bootstrap level (980‰) were identified. All sequences be-
longed to the genus Glomus (groups A and B) (41), which
usually dominates the AMF communities in European agricul-
tural soils (24). We obtained a smaller number of groups than
other studies on AM fungal diversity, such as those of Pivato et
al. (32) and Gollotte et al. (13), who identified 12 and 10
groups, respectively, using our molecular approach. However,
the number of sequences analyzed appeared to be sufficient to
describe AM fungal diversity, as shown by the rarefaction
curves, indicating that the level of diversity detected in this
study fell in the same range as those found in previous diversity
studies (13, 32, 50).

The genetic diversity of AMF associated with CSN and CSS
soils was evaluated by analyzing 48 and 44 sequences, respec-
tively. Five monophyletic ribotypes were identified in CSN
samples, three of them belonging to known AMF. Similarly,
three of six monophyletic ribotypes detected in CSS soil were
already known. The low level of AMF biodiversity in soil was
likely due to the typical agricultural management practices of
the Castelnuovo Scrivia area, as an inverse relationship be-
tween management intensity and AMF diversity has been ob-
served previously (8, 14, 28, 29, 33). It is also known that, in
arable lands, rapidly sporulating AMF species, such as G. mos-
seae, G. geosporum, and G. etunicatum, are among the domi-
nating species (28).

The overall levels of root colonization in plants from CSN
and CSS were rather low, although the percentages of root
fragments in contact with an AMF (the mycorrhizal frequen-
cies) revealed the presence of active fungi in the soils. The high
level of arbuscule abundance in the colonized area suggested
active AM symbiosis in the mycorrhizal fraction of the root
system. Agricultural management practices and the high Pi

concentrations of both areas may explain the relatively low
level of root mycorrhization (25), even though the time interval
(April to June) was sufficient for the establishment of extensive
colonization. Physiological conditions can also affect coloniza-
tion, as reported by McArthur and Knowles (26), who ob-
served that the percentage of potato roots colonized by G.
fasciculatum declined during the period of rapid tuber growth
corresponding to 54 to 60 days after planting.

The genetic diversity of AMF associated with CSN and CSS
potato roots was assessed through the analysis of, respectively,
48 and 43 sequences. In both root samples, two monophyletic
ribotypes were identified, one of which belonged to a known
AMF species, G. intraradices. Specifically, 92 and 95% of the
sequences identified from CSN and CSS potato roots, respec-
tively, corresponded to G. intraradices. Even if this fungus was
not the most abundant in the soils, it largely dominated in
potato roots. Studies conducted on both natural and agricul-
tural ecosystems have revealed AM fungal communities dom-
inated by taxa belonging to Glomus group A (17, 28, 32, 39, 40,
49), to which G. intraradices belongs. Similar data, but not as
evident as those in our study, were obtained for root nodules
(40), but in that case only 63% of the obtained sequences
corresponded to G. intraradices. In the latter study, G. intrara-

dices was more frequent in legumes, which had higher nitrogen
(N) concentrations than nonlegumes, and among the legumes,
it was more frequent in nodules, where atmospheric N fixation
takes place, than in roots. The reasons for this association are
not known, but previous observations showed that changes in
AMF community composition occur after N fertilization (10)
and that G. intraradices is related to N-enriched soils (20, 21).
G. mosseae, belonging to group A, was also present in both
CSN and CSS soils, where it was more abundant than G.
intraradices; in potato roots it was not detected (Fig. 3).

In our root or soil samples, only Glomus species were de-
tected, despite some pedological differences between the two
soils. According to previous experiments on four different
plant species, inoculated with a single fungal isolate, the pro-
portion of intraradical and soil hyphae is specific to each AMF
family (15). Nevertheless, within each family, different isolates
colonize roots to a different extent; variations are much more
limited if the hyphal length in soil or the fungal biomass (mea-
sured as micrograms of ergosterol per gram [dry weight] of soil
or roots) is considered. Differences observed previously in the
concomitant presence of several fungi, as in the present study,
could be ascribed to various factors, including competition
among the various species/strains, specificity in the interaction
with the host, or some form of selective pressure in the envi-
ronment.

The assessment of AM fungal diversity in potato roots and in
the two soils, based on Shannon and Simpson indices, revealed
a higher level of evenness in the soils than in the roots, sug-
gesting the dominance of some AM taxa among the fungi
colonizing the roots. In addition, Bharadwaj et al. (5) showed,
using a potato trap culture, that G. intraradices and G. mosseae
are the most common fungi in potato roots (but also in the
soil), while McArthur and Knowles (26) demonstrated that
inoculation with G. intraradices results in a stronger growth
response by the potato than inoculation with G. dimorphicum
or G. mosseae. Taken together, these data suggest that there
may be a preferential interaction between S. tuberosum and G.
intraradices, in agreement with the fact that host specificity has
been observed previously in many systems, including agricul-
tural fields (8).

In order to confirm the cloning results, a more sensitive
method was applied. In particular, the abundance of four Glo-
mus species or groups, G. intraradices, G. etunicatum/G.
claroideum (which cannot be differentiated on the basis of a
single primer [11, 36]), G. geosporum, and G. mosseae, was
assessed by a semiquantitative heminested PCR (6) using tax-
on-specific primers (11, 19, 53) with PCR products originating
from soil and potato root samples. Three and two Glomus
species, all of them belonging to Glomus group A, were de-
tected by semiquantitative PCR in the two soils and in the
potato roots, respectively (Fig. 5). The levels of abundance of
each species in soils and roots were different, thus confirming
our cloning data. G. intraradices was the most abundant fungus
in roots, and G. etunicatum/G. claroideum was most abundant
in soils. The greater sensitivity of this approach was confirmed
by the detection, in both soils, of G. geosporum, a fungus
belonging to Glomus group A, not detected by the cloning
method.

Several factors may affect the development of AMF com-
munities in roots and soil, for example, seasonal changes (46),
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as shown previously for G. intraradices, possibly in relation to
fluctuations in N mineralization (39). Photosynthate alloca-
tion, which in the potato is affected by temperature, light in-
tensity, N availability, and the plant developmental stage (12,
44, 45), may also play a role by affecting C availability for the
mycobionts. Finally, early colonization by one AM isolate may
prevent further colonization by other fungi, a phenomenon
known as autoregulation (18, 30, 54, 55).

In conclusion, we propose that the typical land use practices
in Castelnuovo Scrivia have led to a very specific interaction
between G. intraradices and potato plants. This finding sug-
gests that the plant species and the agricultural practices used
in this area have exerted selective pressure and that some form
of specificity between AM fungal and plant genotypes exists.
The reasons for this specific association between G. intraradi-
ces and S. tuberosum require further investigation.
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39. Santos-González, J. C., D. R. Finlay, and A. Tehler. 2007. Seasonal dynamics
of arbuscular mycorrhizal fungal communities in roots in a seminatural
grassland. Appl. Environ. Microbiol. 73:5613–5623.

40. Scheublin, T. R., K. P. Ridgway, J. P. W. Young, and M. G. A. van der
Heijden. 2004. Nonlegumes, legumes, and root nodules harbor different
arbuscular mycorrhizal fungal communities. Appl. Environ. Microbiol. 70:
6240–6246.

41. Schwarzott, D., C. Walker, and A. Schuessler. 2001. Glomus, the largest
genus of the arbuscular mycorrhizal fungi (Glomales), is nonmonophyletic.
Mol. Phylogenet. Evol. 21:190–197.

42. Smith, S. E., and D. J. Read. 1997. Mycorrhizal symbiosis, 2nd ed. Academic
Press, London, United Kingdom.

43. Streitwolf-Engel, R., T. Boller, A. Wiemken, and I. R. Sanders. 1997. Clonal
growth traits of two Prunella species are determined by co-occurring arbus-
cular mycorrhizal fungi from a calcareous grassland. J. Ecol. 85:181–191.

5782 CESARO ET AL. APPL. ENVIRON. MICROBIOL.



44. Sweetlove, L. J., J. Kossmann, J. W. Riessmeier, R. N. Trethewey, and S. A.
Hill. 1998. The control of source to sink carbon flux during tuber develop-
ment in potato. Plant J. 15:697–706.

45. Sweetlove, L. J., and S. A. Hill. 2000. Source metabolism dominates the
control of source to sink carbon flux in tuberizing potato plants throughout
the diurnal cycle and under a range of environmental conditions. Plant Cell
Environ. 23:523–529.
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