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Abstract Pochonia chlamydosporia (Pc123) is a fungal
parasite of nematode eggs which can colonize endophyti-
cally barley and tomato roots. In this paper we use culturing
as well as quantitative PCR (qPCR) methods and a stable
GFP transformant (Pc123gfp) to analyze the endophytic
behavior of the fungus in tomato roots. We found no differ-
ences between virulence/root colonization of Pc123 and
Pc123gfp on root-knot nematode Meloidogyne javanica
eggs and tomato seedlings respectively. Confocal microsco-
py of Pc123gfp infecting M. javanica eggs revealed details
of the process such as penetration hyphae in the egg shell or
appressoria and associated post infection hyphae previously
unseen. Pc123gfp colonization of tomato roots was low
close to the root cap, but increased with the distance to form
a patchy hyphal network. Pc123gfp colonized epidermal
and cortex tomato root cells and induced plant defenses
(papillae). gPCR unlike culturing revealed reduction in fun-
gus root colonization (total and endophytic) with plant de-
velopment. Pc123gfp was found by qPCR less rhizosphere
competent than Pc123. Endophytic colonization by Pc123gfp
promoted growth of both roots and shoots of tomato plants vs.
uninoculated (control) plants. Tomato roots endophytically
colonized by Pc123gfp and inoculated with M. javanica juve-
niles developed galls and egg masses which were colonized
by the fungus. Our results suggest that endophytic coloniza-
tion of tomato roots by P. chlamydosporia may be relevant for
promoting plant growth and perhaps affect managing of root-
knot nematode infestations.
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1 Introduction

Plant parasitic nematodes are responsible for global agricul-
tural losses amounting to an estimated $157 billion annually
(Abad et al. 2008). The root-knot nematodes (Meloidogyne
spp.) seriously affect many economically important agricul-
tural crops worldwide (Wesemael et al. 2010).

Currently, soil fumigants and nematicides are used to con-
trol nematodes. However, the need to reduce dependence on
nematicides, imposed by legislation and consumers, requires
the development of new management strategies. Biological
control is an important tool for plant-parasitic nematode man-
agement (Sorribas et al. 2003).

Nematophagous fungi are a diverse group of antagonists
of nematodes which infect, kill and digest their hosts
(Nordbring-Hertz et al. 2006). Some nematophagous fungi
have been detected in the rhizosphere of important crops
(Persmark and Jansson 1997), yet others colonize plant roots
endophytically (Lopez-Llorca et al. 2006). The advantage of
endophytism is that the endophyte occurs in the same eco-
logical niche as the endoparasitic nematodes but is not
subject to competition from microorganisms in the soil
(Stirling 2011).

Pochonia chlamydosporia (Goddard) Zare and Gams is
a parasite of female nematodes and eggs has been
studied as a biological control agent due to its world-
wide distribution. P. chlamydosporia has been isolated
from economically important species of plant pathogens such
as root-knot (Meloidogyne spp.) (Hidalgo-Diaz et al. 2000) or
cyst nematodes (Heterodera spp., Globodera spp.) (Kerry and

@ Springer



34

N. Escudero, L.V. Lopez-Llorca

Crump 1977). Rhizospheres of crops of economic interest,
such as tomato and barley, are also colonized by P. chlamy-
dosporia (Bordallo et al. 2002; Macia-Vicente et al. 2009a).

Endophytic colonization of roots by P. chlamydosporia has
a number of benefits to the host plant, such as growth promo-
tion or protection against different pathogens, such as nemat-
odes and fungi (Macia-Vicente et al. 2009b; Monfort et al.
2005; Siddiqi and Akhtar 2008). Therefore, studying root
colonization by P. chlamydosporia in crops such as tomato
is essential to assess the possibility of their improved use as a
biological control agent of root-knot nematodes. For instance,
the effect of fungus development on roots in nematode inva-
sion, further multiplication and damage to crops is yet un-
known (Kerry and Bourne 2002). A main problem with
biological control agents is their detection and quantification
in soil. Real-time or quantitative PCR (qPCR) provides a tool
to assess population dynamics of particular biological control
agents in soil (Stirling 2011). Likewise, the use of GFP-like
fluorescent proteins as living cell markers (Wiedenmann et al.
2009) has allowed the study in-vivo of the mode of action of
the organisms transformed with these genes. This technology
has been applied to entomopathogenic (Barelli et al. 2011;
Inglis et al. 2000; Kurtti and Keyhani 2008) and nematopha-
gous fungi (Zhang et al. 2008).

We have recently developed a P. chlamydosporia GFP-
tagged transformant (Macia-Vicente et al. 2009a) to visual-
ize the endophytic colonization of barley roots inoculated
with the fungus. Besides, the endophytic capacity could be
an advantage for the fungus to establish in agricultural
systems and thus help their antagonism against nematodes.
In this study we have inoculated endophytically P. chlamy-
dosporia GFP strain in tomato seedlings (Solanum lycoper-
sicum Mill cv. durinta) evaluating its root endophytism
using culturing, microscopical and molecular techniques.
We have then evaluated the pathogenicity (as percentage
nematode egg-infection) of P. chlamydosporia GFP vs. that
of the corresponding parent strain. The effect of root endo-
phytic inoculation of P. chlamydosporia GFP on root-knot
nematode M. javanica second-stage juveniles (J2) invasion
and subsequent development was evaluated. Finally, fungus
colonization of nematode galls and egg masses was also
assessed.

2 Materials and methods

2.1 Fungi, nematodes and plant materials

P. chlamydosporia used in this work was the wild type
Pc123 (ATCC No. MYA-4875) (Olivares-Bernabeu and
Lopez-Llorca 2002), and a GFP-tagged isolate (Pc123gfp)

(Macia-Vicente et al. 2009a). Root-knot nematodes (RKN)
M. javanica were from a field population (Almeria, SE
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Spain) PCR identified as in Zijlstra et al. (2000). RKN
populations were maintained in susceptible tomato plants
(Solanum lycopersicum Mill. cv. durinta). Nematode egg
masses were dissected from RKN-infested roots and kept
at 4°C until used. Egg masses were hand-picked and
surface-sterilized as in McClure et al. (1973) with slight
modifications. M. javanica second-stage juveniles (J2) were
hatched from surface-sterilized eggs at 28°C in the dark.

2.2 Parasitism of root-knot nematode eggs by Pochonia
chlamydosporia

Surface-sterilized nematode eggs were placed in Petri dishes
(90 mm diameter) containing 1 % water agar (Becton and
Dickinson and Company, Le Pont de Claix, France) with
50 mg ml™" Penicillin and 50 mg ml"" Ampicillin (Sigma, St
Louis, MO, USA). Each egg was inoculated with 10 pl of a
10° conidia ml™" suspension of either Pc123 or Pcl23gfp
(Lopez-Llorca & Claugher, 1990). Plates were incubated at
25°C in the dark and fungal infection of individual eggs
scored daily for a four-day period. Eggs developing fungal
colonies were scored as infected and the percentage of egg-
infection was then calculated. Control plates were made
with eggs without conidia. The experiment was carried out
twice.

Infection of eggs by Pc123gfp was monitored microscop-
ically every day in ten randomly selected infected eggs. GFP
fluorescence emission was visualized in a Leica TCS-SP2
laser-scanning confocal microscope. Samples were excited
with a 488 nm laser, GFP fluorescence was detected at 505-
530 nm and eggs autofluorescence was detected at 580-
620 nm.

2.3 Inoculation of tomato seedlings with Pochonia
chlamydosporia

Surface-sterilized tomato seeds were plated on germination
medium and incubated at 25°C in dark for 7 days (Bordallo
et al. 2002). Seedlings free from contaminants were inocu-
lated by plating them on Petri dishes (5 per dish) with
21 day-old colonies of either Pc123 or Pc123gfp on corn
meal agar (CMA), or without fungal colonies for controls.
To determine the optimum inoculation time, inoculations
were performed for 1, 2, 3, 5 or 7 days (Monfort et al.
2005) at 25°C under a photoperiod of 16:8 h (light:dark).
The experiment consisted of 10 replicates/treatment in the
first repetition and 20 replicates/treatment in the second one.

2.4 Distribution and quantification of Pochonia
chlamydosporia in tomato roots

Root culturing was used to evaluate the inoculation of P,
chlamydosporia (e.g. detecting the fungus) in tomato
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seedling roots. P. chlamydosporia total and root endophytic
colonization were analyzed (Macia-Vicente et al. 2009a).

The spatial pattern of root colonization by Pc123gfp was
assessed with laser-scanning confocal microscopy. Ten frag-
ments/root system (5 to 10 mm long) were examined in a
Leica DM IRBE2 confocal microscope. GFP fluorescence
and root cell autofluorescence were detected as described in
Macia-Vicente et al. 2009a.

Further detection of P. chlamydosporia in roots was
performed by PCR. For this purpose, DNA was extracted
from roots of 10 seedlings/treatment (non-sterilized or
surface-sterilized) as in Lopez-Llorca et al. (2010). Primers
for PCR amplification of tomato PR1 gene (Gayoso et al.
2007), P. chlamydosporia VCP1 gene (Lopez-Llorca et al.
2010), and GFP gene (Lee et al. 2002) were used (Table 1).
PCR reactions were carried out as in Lopez-Llorca et al.
(2010). PCR products were visualized on 2 % agarose gels
stained with GelRed (Biotium, Hayward, USA). These
experiments were performed twice.

2.5 Effects of Pochonia chlamydosporia on development
of tomato plants

Tomato seedlings inoculated for 3 days with Pc123gfp or
uninoculated (20 each) were placed in cylindrical sterile
plastic containers each containing 70 cm® of sterilized sand
and 23 ml of 1/10 Gamborg’s basal salt mixture (Sigma),
and incubated at constant temperature (25°C) and relative
humidity (65 %) under the photoperiod previously de-
scribed. Controls were uninoculated seedlings. Soil mois-
ture was kept constant by adding 1/10 Gamborg’s when
necessary. After 10 and 20 days, 10 plants per treatment
were sampled and fresh and dry aerial weight, maximum
aerial length and fresh root weight per plant were scored.
Roots were sampled for evaluating root colonization by
culturing techniques, confocal laser microscopy and qPCR.
Experiments were repeated twice. The experiment consisted
of 10 replicates/treatment.

Total and endophytic root colonization by Pc123gfp were
assessed by culturing techniques as described, except that

root pieces were plated onto a semi-selective medium for P
chlamydosporia (Lopez-Llorca and Duncan 1986; Kerry
and Bourne 2002). Whole roots or longitudinal 50-pum-
thick root cryosections (obtained with a Leica CM1510
cryostat (Leica Microsystems, Wetzlar, Germany) were ex-
amined by confocal microscopy to analyze the dynamics of
root colonization by GFP-expressing transformants.

Colonization of tomato roots by P. chlamydosporia was
also measured using quantitative PCR, with LEPR1F/R and
VCP1qlF/R primers (Table 1). Five pl root DNA extracts
from each treatment were mixed with FastStart Universal
SYBR Green Master (Roche, Barcelona, Spain) and 0.88 pl
of each primer at 10 uM. Negative controls contained 5 pl
sterile water instead of DNA. Thermal cycling conditions
consisted of an initial denaturation step at 95°C for 2 min
then 40 cycles at 95°C for 30 s and 60°C for 1 min. Reac-
tions were run in triplicate in an ABI PRISM 7000
Sequence Detection System (Applied Biosystem, Foster
City, CA, USA). Serial dilutions of Pc123 genomic
DNA defined a calibration curve, using three indepen-
dent calibrations for each DNA sample. After each run,
a dissociation curve was acquired to check for amplifi-
cation specificity. Results are pg P. chlamydosporia
DNA/ng tomato DNA.

2.6 Effect of root colonization by Pochonia chlamydosporia
on infection and multiplication of Meloidogyne javanica

Thirteen-day-old Pc123gfp-inoculated or uninoculated
(control) tomato plants, growing on sterilized sand as de-
scribed above, were inoculated with 100 M. javanica juve-
niles (J2) per plant. Seven days later, a subsample of 10
plants per treatment was used to measure growth parameters
described above. Numbers of J2 per root were scored by
root staining as in Byrd et al. (1983) and observed under an
Olympus BH-2 light microscope. Roots from Pc123gfp-
inoculated plants were imprinted onto semi-selective medi-
um prior to staining, to test the presence of the fungus.
Remaining plants (5 per treatment) were kept until com-
pletion of one life cycle of M. javanica (about 50 days). At

Table 1 Primers used to detect/

quantify the fungus Pochonia Name Sequence (5'- 3") Target Access Amplicon
chlamydosporia in tomato number size (pb)
roots
LEPRIF GCAACACTCTGGTGGACCTT S. lycopersicum PR1 X71592 272
LEPRIR ATGGACGTTGTCCTCTCCAG
VCPI1-1 F CGCTGGCTCTCTCACTAAGG P. chlamydosporia AJ427460 281
VCP1-2R TGCCAGTGTCAAGGACGTAG
VCP1qlF GCCATCGTTGAGCAGCAG VCP1 275
VCP1qlR ACCGTGACCGTCGTTGTTCT
GFP1 TTAGTTGTACAGCTCGTCCATG GFP 720
GP22 ATGGTGAGCAAGGGCGAGGA
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this time, plant growth parameters were measured and the
numbers of galls and egg masses per plant scored. Egg-
masses were plated on semi-selective medium for P
chlamydosporia (Lopez-Llorca and Duncan 1986; Kerry
and Bourne 2002) to estimate the percentage of colonization
by the fungus. These experiments were repeated twice.

2.7 Statistical analyses

For all data sets obtained in this work, normality and ho-
moscedasticity were checked using the Shapiro-Wilk and
Levene tests, respectively. Data following a normal distri-
bution were compared using Student’s or ANOVA tests for
differences between treatments. Non-normal data were com-
pared using either the Wilcoxon or Kruskal-Wallis tests. The
level of significance in all cases was 95 %. All statistical
analyses were performed with R version 2.11.1 (R Devel-
opment Core Team, 2009).

3 Results
3.1 Parasitism of RKN eggs by Pochonia chlamydosporia

Pc123 and Pc123gfp did not infect M. javanica eggs 24 h
after inoculation. Percentage of egg infection by the fungus
increased from 9.7+1.7 and 7.2+1.6 (48 h after inoculation)
to 73.4+2.00 and 71.5+2.6 At (96 h after inoculation) for
Pc123 and Pc123gfp respectively. No differences (P<0.05)
were found between virulence of Pc123 and Pc123gfp on M.
javanica eggs.

Egg-infection by Pc123gfp was analyzed with confocal
laser microscopy (Fig. 1). Fine penetration hyphae through
the egg-shell were observed 48 h after inoculation (Fig. 1a,
arrows). The inside of most eggs did not show signs of
fungus colonization at this time (Fig. 1a). Egg-shell pene-
tration by Pc123gfp sometimes involved apressoria forma-
tion (Fig. 1b). With a hyphal-tip swelling and thin
penetration hyphae (Fig. 1b, insert) in the egg-shell. This
penetration hyphae gave rise in late infected eggs to trophic
hyphae inside the egg (Fig. 1b) and in their surrounding
(Fig. lc). These colonies from infected eggs finally formed
reproductive structures (e.g. conidiophores and conidia)
(Fig. lc, circle).

3.2 Inoculation of tomato seedlings with Pochonia
chlamydosporia

We measured total and endophytic colonization 1, 2, 3, 5
and 7 days after inoculation. Tomato seedlings 3 days after
of inoculation with the fungus were selected for the follow-
ing experiments, since this was the minimum incubation
period for achieving most root endophytic colonization.
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There were no significant differences between root coloni-
zation by Pc123 and Pc123gfp isolates (data not shown).

3.3 Detection of Pochonia chlamydosporia in roots
of tomato seedlings

Three days after inoculation Pc123gfp colonization was low
in the vicinity of the apical meristem close to the apex of
tomato root seedlings (Fig. 2a). Biologically active Pc123gfp
chlamydospores were sometimes formed in the root cap
(Fig. 2b). An increase in fungus colonization was found in
areas progressively more distant from the actively growing
root apex.

Using PCR we could detect the presence of P. chlamy-
dosporia in both unsterilized as well as surface sterilized

Fig. 1 Main steps of the mode of parasitism of M. javanica (RKN)
eggs by P. chlamydosporia (Pc123gfp). a Note fine Pc123gfp penetra-
tion hyphae (2 dai) (arrows) on RKN egg-shell. b RKN egg-shell
penetration by Pc123gfp appressoria (insert) (3dai). ¢ Late infection
of a RKN egg by Pc123gfp (4 dai). Note heavy fungus growth inside
and outside egg and conidiophore with conidia (circle). Abbreviation:
dai, days after inoculation. Bar 10 um
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Fig. 2 Laser confocal
microscopy of tomato roots
colonization by P,
chlamydosporia (Pc123gfp):
a-b seedlings 3 days after
inoculation (dai). Plants thirteen
dai c-e. a General view of root
apex showing Pc123gfp
colonization of areas adjacent to
meristematic zone (bar=

75 um). b Close-up of root cap
showing Pc123gfp chlamydo-
spore (arrow for magnification)
(bar=75 um). ¢ Longitudinal
section (LS) showing Pc123gfp
colonization of epidermal cells
(bar=75 pum). d LS showing
colonization Pc123gfp of cortex
and outer vascular tissue (bar=
50 pm). e Plant defence induc-
tion (Papillae, arrows) associat-
ed to fungus colonization
(bar=20 pum). Note phialide
forming conidia (asterisk)

tomato seedling roots using primers for P. chlamydosporia
VcP1 gene (data not shown).

3.4 Evaluation of root colonization of tomato plants by P.
chlamydosporia by culturing, microscopy and molecular
techniques

gPCR allowed an accurate, reliable and high-throughput
quantification of target fungal DNA. The standard curves
obtained revealed high precision and reproducibility be-
tween replications (Fig. 3a and b). Molecular quantification
of tomato root colonization by P. chlamydosporia with
qPCR detected significant differences between P. chlamy-
dosporia strain and time after inoculation (Fig. 3c and d).
Total root colonization (non-surface sterilized roots) mea-
sured by culturing techniques was 100 % for all treat-
ments (Fig. 3c). On the contrary, differences in the
endophytic colonization of tomato roots by Pcl123 and
Pc123gfp were found. Thirteen days after inoculation the
endophytic colonization was 44.7+4.7 % and 33.3+
8.8 % for Pc123 and Pcl23gfp respectively. Twenty-
three days after inoculation, colonization was 19.3+
11.6 % and 10+£5.8 % for Pc123 and Pcl123gfp respec-
tively (Fig. 3d). qPCR which was more sensitive than
culturing techniques for detecting total and endophytic
root colonization detected higher rhizosphere competence
for Pc123 than for Pcl123gfp. Colonization of tomato
roots by Pc123 and Pc123gfp decreased with time (13d

vs. 23 days after inoculation) for both total and endo-
phytic root colonization. The only exception was endo-
phytic colonization by Pc123gfp. This could be due to
the low values of root colonization of this transformant
strain.

Confocal microscopy showed details of root colonization
by Pcl123gfp 13 days after inoculation of seedlings. A
widespread colonization of the rhizoplane and the first
layers of the epidermis (Fig. 2c) was consistent with the
high total rhizosphere colonization detected by culturing
techniques. In some parts both epidermal cells and the first
layers of the cortex also showed fungal colonization
(Fig. 2d). Pc123gfp also induced root cell defences (cell
wall papillae) as seen in Fig. 2e (arrows).

3.5 Effects of Pochonia chlamydosporia on tomato plants
development

Thirteen days after inoculation with Pcl123gfp tomato
seedlings showed no differences (p<0.05) in plant
growth respect to uninoculated control plants, although
at 23 days all parameters measured were higher than
Pc123gfp inoculated plants (data not shown). Twenty
days after inoculation Pc123gfp promoted aerial growth
measured as fresh or dry shoot weight of tomato plants
irrespective of J2 inoculation (Fig. 4a and b). Nematode
inoculation reduced maximum shoot length of tomato
plants, irrespective of fungus inoculation (Fig. 4c).
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Fig. 3 Quantification of
Pochonia chlamydosporia
colonization of tomato roots. a- 35
b Standard curves for real-time
PCR of 10-fold serial dilutions
of DNA from a Solanum lyco-
persicum; b P. chlamydosporia.
Cycle thresholds (Ct) were
plotted against the log of known
concentrations of genomic
DNA standards and linear re-
gression equations were calcu- i i
lated for the quantification of -2 . 0
the unknown samples by inter-
polation. ¢ Quantification c
results for total colonization

using real-time PCR (gray) and

culture techniques (dark gray)

at 13 and 23 days. d Quantifi-

cation results for endophytic
colonization using real-time

PCR (gray) and culture techni-

ques (dark gray) at 13 and

23 days. Each value (+ SE)

represents the mean of ten

replicates (p-value <0.05)

Q

Threshold cycle (Ct)

25

[] pg Pc DNAJ ngTo root DNA

Treatments

Pc123gfp promoted root growth irrespective of J2 inoc-
ulation. Plants inoculated with both Pc123gfp and J2
had the largest root system of all treatments (Fig. 4d).

3.6 Effect of root colonization by Pochonia chlamydosporia
on infection and multiplication of Meloidogyne javanica

Under our experimental conditions, endophytic develop-
ment of P. chlamydosporia in tomato roots had no statisti-
cally significant effect on M. javanica J2 invasion in roots
inoculated with the nematode vs. control roots (which had
been nematode but not fungus inoculated) (Fig. 4e). When
time was allowed for M. javanica to complete its life cycle,
nematode multiplication was estimated as numbers of galls
(Fig. 4f). M. javanica galls and egg masses were colonized
by Pc123gfp (53.6+14.8 and 32+14 % respectively) when
the fungus was applied endophytically in tomato seedlings.

4 Discussion

In this paper we have evaluated the effects on plant growth
and root-knot nematode (M. javanica) invasion of an endo-
phytic GFP transformant of the nematophagous fungus P.
chlamydosporia (Pc123gfp). Pc123gfp was as virulent to
nematode eggs as the corresponding wild type strain. This
would indicate that the transformation for obtaining this strain
did not affect its pathogenicity to nematode eggs. Pc123gfp
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infecting M. javanica eggs analyzed with confocal laser mi-
croscopy revealed details of the infection process not found in
previous studies. We showed Pc123gfp forming early appres-
soria and penetration hyphae on the egg shell which later
developed into trophic hyphae inside the infected egg. Previ-
ously SEM (Lopez-Llorca and Duncan 1987) and Field Emis-
sion SEM studies mostly showed images on the egg-shell
surface of this process (Lopez-Llorca and Claugher 1990).
Ultrastructural studies of fungal parasites of nematode eggs
were only limited to advanced stages of infection because of
the impermeability of egg-shells to TEM embedding mixtures
and resins (Lopez-Llorca and Robertson 1992). Pc123gfp
could be used in future studies to investigate the infection
process in plant parasitic nematodes other than root-knot (e.g.
cyst nematodes) with different egg-shell characteristics (Bird
and Bird 1991).

P. chlamydosporia is a facultative parasite of eggs and
females of plant parasitic nematodes, which also colonizes
endophytically plant roots (Lopez-Llorca et al. 2002; Bordallo
et al. 2002). Pc123gfp was found to colonize endophytically
barley roots under axenic conditions (Macia-Vicente et al.
2009a). In this study we have measured colonization of toma-
to roots by P. chlamydosporia using culturing techniques,
molecular markers and confocal laser microscopy. Using cul-
tural techniques and surface sterilization we distinguished
total vs. endophytic (internal) root colonization. The latter
being lower than the former. We found no differences in the
endophytic colonization of tomato seedlings by either Pc123
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or Pc123gfp. In previous studies using culturing techniques
(Bourne et al. 1996) 17 plant species including tomato were
found to differ in their ability to support P. chlamydosporia in
their rhizospheres (Bourne et al. 1996). Tomato was, depend-
ing on the cultivar, a moderate or poor host of the fungus. A
recent study (Manzanilla-Lopez et al. 2011) has shown the
ability of break crops (oilseed rape, sugarbeet and wheat) in a
potato rotation to support P. chlamydosporia in their rhizo-
spheres. In these studies only total root colonization was
estimated since no surface sterilization was performed.
However, culturing techniques for estimating rhizosphere
colonization by fungi are biased and therefore more sen-
sitive PCR-based methods are presently being used.

We found qPCR more accurate and sensitive than culturing
methods to detect differences in tomato rhizosphere coloniza-
tion by P. chlamydosporia. Total root colonization, was

100 %, for both Pc123 and Pc123gfp irrespective of time after
inoculation measured by culturing methods. However, we
have detected by qPCR higher rhizosphere competence (total
and endophytic) in tomato for Pc123 than for Pc123gfp.
Estimated by qPCR, total as well as endophytic root coloni-
zation by both fungi mostly decreased with time. Our strategy
for estimating root colonization by P. chlamydosporia involv-
ing amplification of single gene sequences from plant and
fungus origins was previously used to quantify Verticillium
dahliae in Solanaceae cultivars (Gayoso et al. 2007). Previous
studies for qPCR quantification of P. chlamydosporia in roots
used fungus genes only. (Atkins et al. 2009; Ciancio et al.
2005; Macia-Vicente et al. 2009a). The quantification by
gPCR of fungi/plant DNA in roots would allow in future
studies to analyze rhizosphere competence of P. chlamydo-
sporia isolates in diverse plant cultivars (e. g. tomato) or
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different crop species. Besides, root samples from soil contain,
other rhizosphere microorganisms that would not be amplified
with fungus and plant species primers instead of total DNA
as with one gene target (fungus) based methods. The main
drawback of standard qPCR for fungus quantification is that
the method does not distinguish viable from dead propagules.
Reverse transcription-qPCR has been applied for detection an
enumeration of yeast with a low detection limit and higher
accuracy than qPCR because dead cells were not quantified
with this RNA-based technique (Hierro et al. 2006).

Using confocal laser microscopy we analyzed the pattern
of colonization by Pc123gfp in tomato roots. Fungus colo-
nization was low in the vicinity of the apical meristem close
to the root apex and increased in areas progressively more
distant from the actively growing root apex. This would
explain the reduction in rhizosphere competence of Pc123/
Pc123gfp with time found in this study. To this respect,
reduction in barley rhizosphere colonization by P. chlamy-
dosporia implied that free root niches were colonized by
other fungi (Macia-Vicente et al. 2009b). Pc123gfp colo-
nized epidermal and cortex cells and induced defences (pa-
pillae) in tomato roots, similarly to that found for barley
(Macia-Vicente et al. 2009a). Papillae and other plant defen-
ces responses have also been observed in Pc123 colonizing
endophytically barley and tomato roots (Bordallo et al.
2002). Papillae have also been found for other P. chlamy-
dosporia isolates colonizing endophytically wheat roots
(Manzanilla-Loépez et al. 2011).

Pc123gfp promoted root and shoot growth of tomato
plants 20 days after inoculation (dai) irrespective of M.
Jjavanica J2 inoculation. In previous studies, P. chlamydo-
sporia and Pseudomonas aeruginosa applied together pro-
moted growth of tomato plants compared with either
antagonist alone or untreated controls (Siddiqui and
Ehteshamul-Haque 2000; Siddiqui and Shaukat 2003).
Manzanilla-Lopez et al. (2011) found variable growth pro-
motion (shoot and root weight) depending on the crop and P
chlamydosporia isolate combinations. P. chlamydosporia
also promoted root and shoot weight of wheat in pots (ca.
20 dai) irrespective of infection by the fungus root pathogen
Gaeumannomyces graminis var. tritici (Ggt) (Monfort et al.
2005). Plant growth promotion by Pc123 in barley was
found to increase with time and was maximum c.a. 60 dai
(Macia-Vicente et al. 2009b). These authors found higher
growth promotion by two P. chlamydosporia isolates (in-
cluding Pc123) for roots than for shoots respect to uninoc-
ulated control plants. This agrees with our findings for
Pc123gfp in tomato.

Tomato roots endophytically colonized by Pcl123gfp
showed less M. javanica juveniles per g of root than
fungus uninoculated plants also infected with the nem-
atode. However, these differences were not statistically
significant (p>0.05). Previous studies, which did not

@ Springer

involve root but soil inoculation by P. chlamydosporia,
concluded that the presence of the fungus in the rhizo-
sphere did not affect the invasion of tomato roots by
infective juveniles of M. incognita (Bailey et al. 2008;
Tobin et al. 2008). The reduction in nematode invasion
may be due to the production by Pochonia spp. of
secondary metabolites with antifugal and nematicidal
activity (Hellwig et al. 2003; Khambay et al. 2000;
Lopez-Llorca and Boag 1993; Niu et al. 2010) or pro-
teases (e.g. VcPl) with nematicidal activity. To this
respect, VcP1 is a serine protease involved in the path-
ogenesis of nematode eggs (Segers et al. 1996) and in
the root endophytic colonization by P. chlamydosporia
(Lopez-Llorca et al. 2010). However, the growth pro-
motion of roots induced by P. chlamydosporia could
also explain our results. P. chlamydosporia colonizing
endophytically wheat also reduced root colonization by
Ggt (Monfort et al. 2005).

In our study, P. chlamydosporia applied only endophyti-
cally in tomato roots then post-inoculated with RKN could
colonize RKN galls and egg masses. In previous studies P
chlamydosporia was inoculated by applying chlamydo-
spores of the fungus to the plant substrate (Bourne and
Kerry 1999; Kerry and Hidalgo-Diaz 2004; Manzanilla-
Lopez et al. 2011; Sorribas et al. 2003; Tzortzakakis and
Petsas 2003; Van Damme et al. 2005; Verdejo-Lucas et al.
2003). Our semi-axenic experimental system did not allow
proper root development. This may explain a larger number
of galls in plants colonized with Pc123gfp than in controls.
Therefore, future studies (in progress) should involve toma-
to growth in pots for allowing completion of plant and plant-
parasitic nematode development.

Endophytic nematophagous fungi such as P. chlamydospo-
ria share the niche with endoparasitic nematodes but are less
subject to competition from soil microorganisms (Stirling
2011). Therefore, rhizosphere colonization (endophytism) by
biocontrol agents such as Pochonia chlamydosporia is a
promising strategy for implementing biocontrol/IPM of root
pathogens such plant-parasitic nematodes. From the perspec-
tive of biocontrol of nematodes, endophytes should be rela-
tively easy to apply as inoculants to seed or seedlings and
could therefore be established in the root system before nem-
atodes are attracted to root and begin to feed (Stirling 2011).
Although mutualist endophytic fungi have been used for
biocontrol of plant parasitic nematodes (Sikora et al. 2008),
the use of nematophagous fungi as endophytes has not been
fully exploited yet.

This study shows that P chlamydosporia growing
endophytically can promote root and shoot growth and
colonizes egg masses of root-knot nematodes. However,
future research is needed to increase the amount of
fungus in the root, since this became reduced with plant
development.
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