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Arbuscular mycorrhizal fungi (AMF) play important roles as plant protection agents, reducing or suppress-
ing nematode colonization. However, it has never been investigated whether the galls produced in roots by
nematode infection are colonized by AMF. This study tested whether galls produced by Meloidogyne incognita
infection in Prunus persica roots are colonized by AMF. We also determined the changes in AMF composition
and biodiversity mediated by infection with this root-knot nematode. DNA from galls and roots of plants
infected by M. incognita and from roots of noninfected plants was extracted, amplified, cloned, and sequenced
using AMF-specific primers. Phylogenetic analysis using the small-subunit (SSU) ribosomal DNA (rDNA) data
set revealed 22 different AMF sequence types (17 Glomus sequence types, 3 Paraglomus sequence types, 1
Scutellospora sequence type, and 1 Acaulospora sequence type). The highest AMF diversity was found in
uninfected roots, followed by infected roots and galls. This study indicates that the galls produced in P. persica
roots due to infection with M. incognita were colonized extensively by a community of AMF, belonging to the
families Paraglomeraceae and Glomeraceae, that was different from the community detected in roots. Although
the function of the AMF in the galls is still unknown, we hypothesize that they act as protection agents against
opportunistic pathogens.

Arbuscular mycorrhizal fungi (AMF) are obligate, symbiotic
fungi which form mutualistic associations with the roots of
80% of terrestrial plant species. Apart from improving plant
nutrition, AMF play important roles in the reduction of patho-
gen infections (7, 25). The protective effect of AMF against a
broad range of soilborne fungi and bacteria (31, 35), as well as
against root-feeding nematodes (14, 17), has been well docu-
mented. In some crops, it has been shown that mycorrhizal
associations have a suppressive effect on endoparasitic nema-
todes (12, 32, 39), so AMF could be considered biological
control agents (24).

A previous molecular study using PCR-denaturing gradient
gel electrophoresis (DGGE) indicated that the presence of
nematodes alters the composition of AMF communities inside
Ammophila arenaria roots (27). However, when this method-
ology is used without subsequent cloning procedures, it is not
possible to determine the identities of the AMF, since this
technique is based on the observation of the composition of the
fungal or bacterial communities using DGGE profiles (3).

Earlier reports showed that AMF can colonize nitrogen-
fixing legume root nodules (29) and senescent nodules after
nitrogen fixation has ceased (30). Also, mycorrhizal nodules
belonging to the genus Glomus have been found in the root
systems of angiosperms, such as Gymnostoma deplancheanum

and Gymnostoma nodiflorum (13). In spite of the ecological
and economic relevance of the interactions between AMF and
root-knot nematodes, it has never been investigated whether
the galls produced in roots by nematode infection are colo-
nized by AMF.

Meloidogyne incognita is the most widespread root-knot
nematode and probably the most serious plant-parasitic
nematode pest of tropical and subtropical regions through-
out the world (41). M. incognita has been found to be asso-
ciated with Prunus persica (L.) Batsch in Venezuela, where
it causes severe decreases in the productivity of this impor-
tant fruit crop (9, 10).

In the present study, we intended to elucidate whether galls
produced by M. incognita infection in P. persica roots are col-
onized by AMF and to elucidate the changes in AMF compo-
sition and biodiversity mediated by infection with this root-
knot nematode.

MATERIALS AND METHODS

Study site and sampling. The study was conducted in a commercial orchard
located in Colonia Tovar, Aragua State, in the northern part of Venezuela
(10°29�N, 67°07�W; 1,790 m above sea level). Its climate is temperate, with a
mean annual temperature of 16.8°C and an average annual rainfall of 1,271 mm
(mostly concentrated in a rainy season between June and October). The soil in
the experimental area was a sandy loam inceptisol in the USDA soil classification
system (33). The soil characteristics were as follows: a pH of 5.18, 5.75% clay,
40.5% silt, 53.75% sand, a cation-exchange capacity of 6.46 cmol kg of soil�1,
total N of 2.7 g kg�1, available P of 32 �g g�1, 5.9% organic matter, and a bulk
density of 1.29 g cm�3.

The plants used in this survey were 13-year-old peach trees (Prunus persica [L.]
Batsch cv. Criollo Amarillo). The experimental sampling was a randomized
factorial design with six replication blocks (100 m2 each) in an experimental area
of approximately 1,800 m2. Each block consisted of 20 trees, some of them
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naturally infected by the root-knot nematode. The sampling was conducted
during fruiting. Six infected plants and six uninfected plants, one of each in each
of the six replication blocks, were sampled. The roots were sampled using three
soil cores from three points in a single tree in each block. Roots and galls of M.
incognita-infected plants and roots of uninfected plants were selected.

The root samples (secondary and tertiary) were washed with distilled water,
and the nematode galls were separated and thoroughly surface washed. The
material was frozen until processing.

Nematode identification. Meloidogyne incognita worms were isolated from the
infected roots, and their identity was checked by morphology and sequencing of
the internal transcribed spacer (ITS) regions according to the method of de la
Peña et al. (11). The uninfected roots were also checked for the absence of
nematodes by the same method.

Root and gall DNA extraction and PCR. All PCR experiments were run using
DNA preparations consisting of 100 mg of pooled root and gall extracts for each
plant and replication block separately. Thus, 18 DNA extractions from and PCRs
of 12 root samples (6 infected plants and 6 uninfected plants) and 6 gall samples
were carried out. For each sample, total DNA was extracted from the frozen
material (the average root length was 18 cm, and an average of 13 nematode galls
were used in each case) using a DNeasy plant minikit by following the manu-
facturer’s recommendations (Qiagen). The root or gall samples were placed into
2-ml screw-cap propylene tubes, and the DNA extracts were obtained by dis-
rupting roots or galls with a sterile, disposable micropestle in liquid nitrogen. The
DNA was resuspended in 20 �l of water.

Several dilutions of extracted DNA (1/10, 1/50, and 1/100) were prepared, and
2 �l was used as the template. Partial small-subunit (SSU) rRNA gene fragments
were amplified using nested PCR with the universal eukaryotic primers NS1 and
NS4 (40). PCR was carried out in a final volume of 25 �l using Ready-To-Go
PCR beads (Amersham Pharmacia Biotech), a 0.2 �M concentration of the
deoxynucleoside triphosphates (dNTPs), and a 0.5 �M concentration of each
primer with the following PCR conditions: 94°C for 3 min and then 30 cycles at
94°C for 30 s, 40°C for 1 min, and 72°C for 1 min, followed by a final extension
period at 72°C for 10 min.

Two-microliter samples of several dilutions (1/10, 1/20, 1/50, and 1/100) from
the first PCR were used as template DNAs in a second PCR performed using the
specific primers AML1 and AML2 (20). PCRs were carried out in a final volume
of 25 �l using Ready-To-Go PCR beads (Amersham Pharmacia Biotech), a 0.2
�M concentration of the dNTPs, and a 0.5 �M concentration of each primer with
the following PCR conditions: 94°C for 3 min and then 30 cycles of 1 min of
denaturation at 94°C, 1 min of primer annealing at 50°C, and 1 min of extension
at 72°C, followed by a final extension period of 10 min at 72°C. Positive and
negative controls using PCR-positive products and sterile water, respectively,
were also included in all amplifications. All of the PCRs were run on a Perkin
Elmer Cetus DNA thermal cycler. Reaction yields were estimated by using a
1.2% agarose gel containing ethidium bromide.

Molecular analysis. The PCR products were purified using a gel extraction kit
(Qiagen), cloned into pGEM-T Easy (Promega), and transformed into Esche-
richia coli (XL1-Blue). Forty putatively positive transformants were screened in
each resulting SSU rRNA gene library by using 0.7 units of REDTaq DNA
polymerase (Sigma) and a reamplification with AML1 and AML2 primers under
the same conditions as those described above. Product quality and size were
checked in agarose gels as described above. All clones having inserts of the
correct size in each library were sequenced.

Clones were grown in liquid culture, and the plasmid was extracted using the
QIAprep Spin miniprep kit (Qiagen). The sequencing was done by the Sistemas
Genómicos laboratory (Valencia, Spain) using the universal primers SP6 and T7.
Sequence editing was done using the program Sequencher, version 4.1.4 (Gene
Codes Corporation).

Sequence similarities were determined using the BLASTn sequence similarity
search tool (2) provided by GenBank. Phylogenetic analysis was carried out on
the sequences obtained in this study and on those that were the closest matches
in GenBank. Sequences were aligned with other published glomalean sequences
using the program ClustalX (38), and the alignment was adjusted manually in
GeneDoc (22). Neighbor-joining (NJ) (28) and maximum likelihood (ML) phy-
logenetic analyses were performed with the programs PAUP, version 4.08b (36),
and RAxML, v.7.0.4 (34), respectively. Distances for the NJ tree were computed
using the default parameters. For the ML analysis, a generalized time-reversible
� (GTR-�) model of evolution was used. A total of 200 independent bootstrap
analyses were performed to provide nodal support. The ML bootstrap values
were calculated for 1,000 replicates with the same substitution model. Endogone
pisiformis Link and Mortierella polycephala Coem were used as the outgroups.

AMF sequence types, or phylotypes, were defined as groups of closely related
sequences, usually with a high level of bootstrap support in the phylogenetic

analyses (higher than 80%) and sequence similarity of �97%. The pairwise
analysis within clusters was carried out using MEGA software, version 4 (37).

The presence or absence of AMF phylotypes in each root and gall sample was
used to construct the sampling effort curves (with 95% confidence intervals)
using the software EstimateS 8.0 (8). The sample order was randomized by 100
replications.

Statistical analysis. The Shannon (H�) index was calculated as an additional
measure of diversity, as it combines two components of diversity, i.e., species
richness and evenness. It is calculated from the equation H� � �[summ]pi(ln pi),
where pi is the proportion of individuals found in the ith species (in a sample, the
true value of pi is unknown but is estimated as ni/n [here and throughout, ni is the
number of individuals in the ith species]).

We applied a general log-linear analysis (SPSS, version 19.0) to test whether
the compositions of AMF communities differed between the three experimental
cases. A correspondence analysis (CA) with presence and/or absence data for all
AMF sequence types from three experimental cases was performed, and the
results were summarized in an ordination diagram. CA is a multivariate statis-
tical method that allows comparisons of AM fungal community compositions
between all experimental cases.

Nucleotide sequence accession numbers. Of the 263 clones generated in this
study, 102 representative sequences have been deposited in the National Center
for Biotechnology Information (NCBI) GenBank database (http://www.ncbi.nlm
.nih.gov) under the accession numbers FR847980 to FR848081.

RESULTS

Phylogeny. From the 18 clone libraries, a total of 720 clones
were screened by PCR; out of these, 263 contained the small-
subunit rRNA gene fragment and were subsequently se-
quenced. All 263 clones corresponded to AMF sequences. The
phylogenetic tree constructed using homologous sequences of
AMF species from GenBank and our sequences made possible
the recognition of 22 different AMF sequence types or phylo-
types (Fig. 1), 17 of which belonged to the genus Glomus, 3 to
the genus Paraglomus, 1 to the genus Scutellospora, and 1 to
the genus Acaulospora. Since identical sequences were de-
tected, the clones producing the same sequences for each ex-
perimental case were represented once in the alignment for
clarity (unpublished data).

Eight sequence types corresponded to morphologically de-
fined species (Pa1 corresponded to Paraglomus laccatum, Pa2
to Paraglomus brasilianum, Glo G1 to the Glomus intraradices/
Glomus irregulare group, Glo G4 to Glomus sinuosum, Glo
G13 to Glomus mosseae, Glo G10 to Glomus indicum, Scu1 to
Scutellospora cerradensis, and Aca1 to the Acaulospora scro-
biculata/Acaulospora laevis group), and one sequence type
(Glo G15) was not related to any sequences found in the
database. The remaining sequence types were related to un-
cultured glomalean species sequences in GenBank (Fig. 1).

The sampling effort curves (Fig. 2) showed stabilization if
the AMF sequence types found and the number of samples
analyzed are considered.

AMF community composition. Uninfected plant roots har-
bored a mean number of AMF sequence types per root sample
that was similar to that of infected roots (5.8 � 0.4 and 5.5 �
0.3, respectively). The number of AMF sequence types per gall
sample showed the lowest mean value (3.7 � 0.3). The com-
positions of the AMF communities from roots and galls were
determined based on the numbers of clones of the 22 AMF
sequence types detected (Fig. 3). A comparative analysis of
AMF diversity did not show significant differences between
blocks (F � 0.643, P � 0.540).

The Shannon diversity index and the total number of AMF
sequence types were slightly higher for uninfected than for
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infected plant roots (the H� was 2.22 and there were 17 AMF
sequence types for uninfected plants, compared with an H� of
2.05 and 16 AMF sequence types for infected plants). How-
ever, their AMF communities were clearly different (P � 0.05)
(Fig. 3). Also, the composition of the AMF communities col-
onizing the galls differed significantly with respect to both
infected and uninfected roots (P � 0.001). The galls had both
the lowest number of AMF sequence types (10) and the lowest
diversity index (H� � 1.55).

Eight AMF sequence types (Pa1, Glo G1, Glo G2, Glo G6,
Glo G9, Glo G12, Glo G14, and Glo G15) occurred in all three
experimental cases (Fig. 3). Of these, five (Pa1, Glo G1, Glo
G9, Glo G12, and Glo G14) represented the highest numbers
of clones, accounting for 68.30% of the AMF clones analyzed.
Also, it is noteworthy that the largest number of clones of Pa1,
Glo G1, Glo G9, Glo G14, and Glo G15 occurred in the galls.
Some AMF sequence types were found exclusively in particu-
lar experimental cases analyzed: thus, Pa2 appeared exclusively
in galls, while Pa3, Glo G3, Glo G8, Glo G16, and Aca1 were
found only in uninfected roots, Glo G4, Glo G5, and Glo G7
were specific to infected plant roots, and Glo G11 appeared
only in the galls and roots of infected plants (Fig. 4).

DISCUSSION

This study shows, for the first time with a molecular ap-
proach, that the galls produced in P. persica roots by M. incog-
nita infection are colonized by a characteristic AMF commu-
nity that differs clearly from both the root AMF community
from which the galls were collected and the AMF community
of uninfected roots.

The AMF communities associated with the roots of infected
and uninfected plants were also different from each other (Fig.
3). Rodríguez-Echevarría et al. (27) also found that nematodes
altered the compositions of the AMF communities inside Am-
mophila arenaria roots, although they did not identify the AMF
species. We found similar numbers of AMF sequence types in
infected and uninfected roots (16 and 17, respectively); how-
ever, the compositions of the two AMF communities clearly
differed, with only 12 fungal sequence types being shared.
Although the reason for this association is not known, it could
be due to the fact that some AMF species are more sensitive to
nematodes than others (19). Changes in root physiology after
the nematode infection might have altered root exudation or
chemistry (5, 6). In fact, it has been reported that root exudates
are fundamental in stimulating the growth of microorganisms
due to the release of organic compounds, such as carboxylic
acids, and enzymes, such as acid phosphatases (15, 26). Thus,
these processes could also affect, in some way, the ability of
certain AMF to colonize infected roots.

The galls produced on the infected roots were colonized by
two families of glomalean fungi (Paraglomeraceae and Glom-
eraceae). Between them, 10 AMF sequence types were found;
the two most abundant types were Glo G1 and Glo G14. They
were also the most abundant sequence types in the infected

FIG. 1. Neighbor-joining (NJ) phylogenetic tree showing AM fungal sequences isolated from the roots and galls of M. incognita-infected plants
and from the roots of uninfected plants as well as reference sequences from GenBank. All bootstrap values of �80% are shown (1,000 replicates).
Numbers above branches indicate the bootstrap values of the NJ analysis; numbers below branches indicate the bootstrap values of the maximum
likelihood analysis. Sequences obtained in the present study are shown in bold type. They are identified by the different tissues from which they
were obtained (galls [G], roots of infected plants [IP], and roots of noninfected plants [NIP]) and by the clone identity number. Group identifiers
(for example, Glo G1) are AM fungal sequence types found in our study. Endogone pisiformis and Mortierella polycephala were used as outgroups.

FIG. 2. Sampling effort curves for galls, M. incognita-infected roots,
and uninfected roots. The sample order was randomized by 100 rep-
lications in EstimateS, version 8.0 (8).

FIG. 3. Proportional distribution of the total number of clones
detected for each AMF sequence type in galls, the roots of M. incog-
nita-infected plants, and the roots of uninfected plants.
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plant roots from which the galls were collected. Glo G1 is
related to the G. intraradices/G. irregulare group, which in-
cludes the most-generalistic AMF found in the molecular di-
versity studies conducted so far (16, 23). Glo G14 matched
database sequences belonging to uncultured Glomus, which
had been reported previously from Phytolacca americana and
Perilla frutescens roots (21). The third-most-abundant se-
quence type in galls, appearing also in infected and uninfected
roots, was Pa1, which corresponds to Paraglomus laccatum.
This fungal type was not related to any sequence type in the
database obtained from environmental samples. Only the fun-
gal type Pa2, related to Paraglomus brasilianum and reported
previously from Panax japonicus roots (20), was found exclu-
sively in galls, and it was represented by two clones, each clone
belonging to a different plant.

The galls showed a lower Shannon diversity index (H� �
1.55) than both infected and uninfected roots (H� � 2.05 and
H� � 2.22, respectively). Although the results are not directly
comparable, Sheublin et al. (29) also found that legume root
nodules had less AMF diversity than the roots from which they
were collected, corroborating the idea that AMF communities
may vary among the different parts of a root system (29). The
AMF diversity found in the galls is surprisingly high if we
suppose that a greater surface area favors greater colonization
by different AMF sequence types, since the gall samples ana-
lyzed had a surface area that was around 12 times lower than
that of roots with the same weight (71 mm2 per 100 mg for galls
and 850 mm2 per 100 mg for roots).

AMF colonization of the galls of nematode-infected roots
has not been studied previously. The ecological and physiolog-
ical roles of these symbionts in root knots are not clear. Root-
feeding nematodes stimulate the production of galls (root
knots) on the roots of their host plants. The galls disturb the
roots’ ability to absorb water and nutrients and also can serve
as entry points for pathogens, such as fungi and bacteria, which
cause plant diseases (4, 5, 26). This could have been the mech-
anism which enabled the AMF to colonize the galls to a high
degree. The highly diverse AMF can compete successfully for
space and nutrient sources with other endophytes, which can
also use the openings in galls produced by a nematode infec-
tion; thus, AMF might protect the galls from opportunistic
attack by pathogens.

In conclusion, the galls produced in P. persica roots by M.
incognita infection were colonized by an AMF community,
belonging to the families Paraglomeraceae and Glomeraceae,
that was different from the AMF community detected in the
roots. Although the function of the AMF in the galls is still
unknown, we hypothesize that the AMF may act as protective
agents against opportunistic pathogens. This study was carried
out only with P. persica roots; therefore, more research has to
be done to test whether the galls produced in other plant
species are colonized by AMF, since the outcomes of AMF-
nematode interactions are influenced by many factors, includ-
ing physical, physiological, and temporal factors (17), and func-
tional differences between different AMF taxa (18).
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