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Meloidogyne is the most damaging plant parasitic nematode genus affecting vegetable
crops worldwide. The induction of plant defense mechanisms against Meloidogyne
in tomato by some Trichoderma spp. strains has been proven in pot experiments,
but there is no information for tomato bearing the Mi-71.2 resistance gene or for
other important fruiting vegetable crops. Moreover, Trichoderma is mostly applied
for managing fungal plant pathogens, but there is little information on its effect on
nematode-antagonistic fungi naturally occurring in soils. Thus, several experiments were
conducted to determine (i) the ability of two commercial formulates of Trichoderma
asperellum (T34) and Trichoderma harzianum (T22) to induce systemic resistance in
tomato and cucumber against an avirulent Meloidogyne incognita population in split-
root experiments; (i) the effect of combining T34 with tomato carrying the Mi-1.2
resistance gene to an avirulent M. incognita population in sterilized soil; and (i) the
effect of combining T34 with tomato carrying the Mi-1.2 resistance gene to a virulent
M. incognita population in two suppressive soils in which Pochonia chlamydosporia is
naturally present, and the effect of T34 on the level of P chlamydosporia egg parasitism.
Both Trichoderma formulates induced resistance to M. incognita in tomato but not in
cucumber. In tomato, the number of egg masses and eggs per plant were reduced
by 71 and 54% by T34, respectively. T22 reduced 48% of the number of eggs per
plant but not the number of egg masses. T34 reduced the number of eggs per plant
of the virulent M. incognita population in both resistant and susceptible tomato cultivars
irrespective of the suppressive soil, and its effect was additive with the Mi-1.2 resistance
gene. The percentage of fungal egg parasitism by P chlamydosporia was not affected
by the isolate T34 of T. asperellum.

Keywords: Cucumis sativus, induced resistance, nematode virulence, Pochonia chlamydosporia, root-knot
nematodes, Solanum lycopersicum
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INTRODUCTION

The root-knot nematodes (RKN), Meloidogyne spp., are the most
damaging obligate plant-endoparasitic nematode worldwide in
a wide range of plant species (Jones et al., 2013). Among the
more than 100 species included in this genus, the tropical
RKN species, Meloidogyne arenaria, Meloidogyne incognita, and
Meloidogyne javanica, cause the majority of vegetable yield
losses (Hallman and Meressa, 2018). For instance, maximum
yield losses reported for fruiting solanaceous and cucurbit
crops, the most cultivated worldwide, range from 30 to
100% (Giné et al, 2014, 2017; Lépez-Goémez et al., 2014;
Seid et al, 2015; Giné and Sorribas, 2017; Hallman and
Meressa, 2018). Despite that several methods for control
are available (Nyczepir and Thomas, 2009), most producers
rely on the use of chemical nematicides (Djian-Caporalino,
2012; Talavera et al., 2012). Nonetheless, due to the risks
and impacts on human health and the environment, its use
must be reduced in favor of alternative methods according
to legislative regulations, such as the European Directive
2009/128/EC. Sustainable and safe alternatives are required, such
as plant resistance and biological control (Hallmann et al., 2009;
Williamson and Roberts, 2009).

Plant resistance is defined as the ability of a plant
to suppress infection, development, and/or reproduction of
plant parasitic nematodes (Roberts, 2002). Resistance can be
conferred by one or a few specific genes or quantitative
trait loci (Williamson and Roberts, 2009) or be induced by
microorganisms (Hallmann et al., 2009; Schouten, 2016). Plant
resistance conferred by resistance genes (R-genes) is an effective
and economically profitable control method against the tropical
RKN species (Sorribas et al., 2005). However, the availability of
commercial fruiting vegetable-resistant cultivars and rootstocks
is currently restricted to solanaceous crops such as tomato,
pepper, and aubergine. Therefore, the continuous cultivation
of plant germplasm carrying the same R-gene will lead to
the selection of virulent nematode populations (Verdejo-Lucas
et al, 2009; Thies, 2011; Ros-Ibanez et al., 2014; Expdsito
et al., 2019). Some fungal and bacterial species are able to
induce resistance against RKN in vegetable crops (Hallmann
et al, 2009), including some strains of Trichoderma spp.,
i.e., Trichoderma asperellum strain 203, Trichoderma atroviride
strain T11, and Trichoderma harzianum strain T-78 in tomato
(Sharon et al, 2009; de Medeiros et al., 2017; Martinez-
Medina et al, 2017). Several Trichoderma spp. strains are
approved by the EU legislation for controlling plant diseases
caused by fungi but none of them for those caused by plant-
parasitic nematodes.

The possibility of using Trichoderma spp. to induce resistance
to RKN has been studied in susceptible tomato cultivars
(Sharon et al, 2009; de Medeiros et al., 2017; Martinez-
Medina et al, 2017) but never on tomato carrying the Mi-
1.2 resistance gene. Induction of resistance in plants carrying
R-genes could contribute to limit the selection of virulent
nematode populations and thus enhancing the resistance
durability. On the other hand, if resistance can be induced
in plant species for which no commercial RKN-resistant

cultivars or rootstocks are available, such as cucurbits, or
against virulent nematode populations, primed plants could
be included in rotation schemes to manage RKN and reduce
crop yield losses.

Trichoderma is a cosmopolitan genus of filamentous
fungi in the order Hypocreales, with a flexible lifestyle that
includes endophytic, saprophytic, and facultative mycoparasitic
capabilities. Thus, Trichoderma spp. might limit growth
of other soil microorganisms by predation or resource
competition, including nematode antagonistic fungi such as
Pochonia (Metacordyceps) chlamydosporia. This fungal species
is frequently isolated from RKN eggs produced in vegetable
crop roots cultivated in northeastern Spain (Giné et al., 2012)
and has been reported as the main biotic factor responsible for
soil suppressiveness to RKN in this area (Giné et al., 2016). In
addition, it has been reported that some P. chlamydosporia strains
can induce systemic resistance in tomato plants (Ghahremani
et al., 2019). Consequently, the proper use of Trichoderma must
consider the possible side effect on fungal nematode antagonists
present in soils. Previous studies have shown that the effects of
Trichoderma to P. chlamydosporia can vary depending on the
analyzed fungal strains. For example, some harmful effects such
as a reduction in mycelial growth due to volatile compounds
produced by a strain of Trichoderma spp. from Brazil (Ferreira
et al, 2008) or mycelium lysis by a strain of T. harzinaum
from the Netherlands (Kok et al, 2001) have been reported.
On the other hand, non-observable effects on percentage of
RKN-parasitized eggs by P. chlamydosporia due to a strain of
T. harzianum from Cuba was noticed (Puertas et al., 2006).
However, as far as we know, there is no information regarding
the effect of commercial formulates of Trichoderma spp. on the
level of fungal egg parasitism by natural occurring antagonists in
soil to avoid side effects.

Thus, in this work, several experiments were conducted to
determine (i) the ability of commercial formulates of strains T34
of T. asperellum [T34 Biocontrol (10'2 cfu kg’l); Biocontrol
Technologies S.L.] and T22 of T. harzianum [Trianum P (10°
cfu g~1); Koppert] to induce systemic resistance in tomato
and cucumber against M. incognita in split-root experiments;
(ii) the effect of combining T34 with tomato carrying the Mi-
1.2 resistance gene to an avirulent M. incognita population in
sterilized soil; and (iii) the effect of combining T34 with tomato
carrying the Mi-1.2 resistance gene to a virulent M. incognita
population in two suppressive soils where P. chlamydosporia is
naturally present, as well as the effect of T34 on the level of
P. chlamydosporia egg parasitism.

MATERIALS AND METHODS

Plants, Fungi, and Nematodes

Susceptible (mi/mi) tomato cv. Durinta, resistant (Mi/mi) tomato
cv. Monika (Cortada et al., 2008), and cucumber cv. Dasher II
were used for this study. For the split-root and the combination
of plant resistance with T34 to an avirulent M. incognita
population experiments, seeds were surface sterilized following
the procedure described in Ghahremani et al. (2019).
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The commercial formulates of T. asperellum T34 (T34
Biocontrol; Biocontrol Technologies S.L.) and of T. harzianum
T22 (Trianum P; Koppert) were used. These Trichoderma strains
were selected because, despite the T. asperellum strain T203 and
the T-78 of T. harzianum have been demonstrated to induce
resistance to RKN in susceptible tomato (Sharon et al., 2009;
Martinez-Medina et al., 2017), they are not currently approved
in Europe. The strains used in this study are approved in Europe
for the management of some fungal plant pathogens, and there
are commercial formulates based on these strains available for
producers in Spain. The viability of the inoculum was assessed by
serial dilution from the commercial formulate and plating onto
PDA, and the number of colony forming units were counted after
24 h of incubation at 25°C in the dark.

Second stage juveniles (J2) of the avirulent M. incognita
population Agropolis and the virulent population Agrovir were
used in this study. The Agrovir population was selected from the
Agropolis population after cultivation of tomato grafted onto the
resistant tomato rootstock cv. Aligator (Expdsito et al., 2019).
J2 were obtained from eggs extracted from resistant (Agrovir
population) or susceptible (Agropolis population) tomato roots
by blender maceration in a 5% commercial bleach solution
(40 g 17! NaOCl) for 10 min (Hussey and Barker’s, 1973). The
suspension was passed through a 74-pum aperture sieve, and
the eggs were collected on a 25-pm sieve. Eggs were placed on
Baermann trays (Whitehead and Hemming, 1965) and incubated
at 25 & 2°C. J2 were collected daily for 7 days using a 25-pm sieve
and stored at 9°C unless used.

Induction of Systemic Plant Resistance
to an Avirulent M. incognita Population
by T. asperellum T34 and T. harzianum
T22

Tomato and cucumber were grown in a split-root system,
following the procedure described in Ghahremani et al. (2019),
in which the plant root is divided into two halves transplanted
in two adjacent pots: the inducer, inoculated with the antagonist,
and the responder, inoculated with the nematode. The main
root of 5-day-old seedlings was excised, and plantlets were
individually transplanted into seedling trays containing sterile
vermiculite and maintained in a growth chamber at 25 £ 2°C
with a 16/8 h (light/dark) photoperiod for 2 weeks for cucumber
and 3 weeks for tomato plants. Afterward, plantlets were
transferred to the split-root system by splitting roots into two
halves planted in two adjacent 200-cm? pots filled with sterilized
sand. The inducer part of the root was inoculated with a
suspension of 10° cfu of T. harzianum T22 (T22) or T. asperellum
T34 (T34) just before transplanting. This fungal dosage was
selected because it was the same at which P. chlamydosporia
induced resistance in tomato (Ghahremani et al., 2019). One
week later, the responder part of the root was inoculated with
the avirulent M. incognita population Agropolis at a rate of
1 J2 cm™3 of soil (RKN). Five treatments were assessed: (i)
the inducer inoculated with T22 and the responder with the
nematode (T22-RKN), (ii) the inducer inoculated with T34

and the responder with the nematode (T34-RKN), (iii) the
inducer non-inoculated with any fungal strain (None) and the
responder inoculated with the nematode (None-RKN), (iv) the
inducer inoculated with T22 and the responder non-inoculated
(T22-None), (v) the inducer inoculated with T34 and the
responder non-inoculated (T34-None), and (vi) neither inducer
nor responder inoculated (None-None). Treatments (i)-(iii)
served to assess the capability of each Trichoderma strain to
induce plant resistant against the nematode, and treatments (iv)-
(vi) were included to assess the effect of each Trichoderma strain
on plant development. The non-inoculated inducer or responder
parts of the root received the same volume of water than
those inoculated with the fungal strains or the nematode. Each
treatment was replicated 10 times. The plants were maintained
in a growth chamber at 25 £ 2°C and photoperiod of 16-/8-h
light/dark in a completely randomized design for 40 days. The
plants were irrigated as needed and fertilized with Hoagland
solution twice per week. Soil temperatures were recorded daily
at 30-min intervals with a PT100 probe (Campbell Scientific,
Ltd.) placed in the pots at a depth of 4 cm. At the end of
the experiments, the foliar surface area of each single plant
was measured with a Li-3100 AREA ETER (LI-COR, Inc,
Lincoln, NE, United States). Afterward, the aboveground part
of each plant was oven dried at 70°C for 2 days, and the dry
shoot weight was recorded. The fresh weight of the inducer
and responder part of the root system was also recorded. The
number of egg masses produced in the responder part of the
roots inoculated with the nematode was counted after being
stained with a 0.01% erioglaucine solution for 45 min (Omwega
et al, 1988). After that, the nematode eggs were extracted
from the responder part of the roots by blender maceration
in a 10% commercial bleach solution (40 g 17! NaOCQl) for
10 min following the Hussey and Barker’s (1973) procedure
and counted.

Combined Effect of T. asperellum T34
and Tomato-Resistant Germplasm to an
Avirulent M. incognita Population

Resistant tomato cv. Monika and susceptible cv. Durinta plants
were germinated as previously stated and grown in a growth
chamber at 25 £ 2°C and photoperiod of 16/8 h light/dark. Three
leaves stage plants were transferred to 200-cm? pots filled with
sterilized sand. The experiment was composed by the following
treatments: (i) susceptible tomato plants inoculated with 1 J2
cm™3 of soil, (i) susceptible tomato plants inoculated with T34
7 days before nematode inoculation, (iii) resistant tomato plants
inoculated with 1 J2 em™3 of soil, and (iv) resistant tomato plants
inoculated with T34 7 days before nematode inoculation. The
T. asperellum T34 was applied at the rate recommended by the
manufacturer, 0.01 g 17! of soil as liquid suspension (2 x 10°
cfu per plant). Each treatment was replicated 15 times. Plants
were maintained in a growth chamber at the same conditions
for 40 days. At the end of the experiment, roots were processed
as previously described before the number of egg masses and
eggs were counted.
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Combined Effect of T. asperellum T34
and Tomato-Resistant Germplasm to a
Virulent M. incognita Population and
Effect of T34 on Natural Nematode

Antagonism by P. chlamydosporia

Plants of the resistant tomato cv. Monika and the susceptible
cv. Durinta supplied by Hishtil Gelpi Spain were used for the
experiment. The experiment was conducted with soil taken
from two sites located at the Tarragona Province (northeastern
Spain), M10.23 and M10.55, where vegetables are commercially
produced under organic standards in plastic greenhouse. The
site M10.23 was a loam soil (45% sand, 40% silt, and 15%
clay), pH 8.3, 5.8% organic matter (w/w), and 276 nS cm™!
electric conductivity. The site M10.55 was a sandy clay loam
soil (68% sand, 0% silt, and 32% clay), pH 8.1, 2.5 organic
matter (w/w), and 1,069 nS cm™! electric conductivity. Both
soils were previously characterized as suppressive to Meloidogyne,
with P. chlamydosporia as the only fungal species recovered
from RKN-parasitized eggs (Giné et al., 2016). Each soil was
mixed with steam-sterilized sand at a ratio of 1:1 (dry w/dry
w), to avoid soil compaction and to improve plant growth,
and served as substrate for cropping tomato plants in 3-1 pots.
The population density of Meloidogyne J2 in the soil mixture
was determined by counting the nematodes extracted from
three 500-cm® samples of each soil mixture by Baermann trays
(Whitehead and Hemming, 1965) and incubated at 27 £ 2°C
for 1 week. The experiment consisted of four treatments per soil:
(i) susceptible tomato plants inoculated in the seedling tray with
T34 7 days before transplanting and also just after transplanting
and with J2 of the virulent M. incognita Agrovir population
to achieve 1 J2 cm™3 of mixed soil per pot, (i) susceptible
tomato plants inoculated with the virulent nematode population,
(iii) resistant tomato plants inoculated in the seedling tray with
T34 7 days before transplanting and just after transplanting and
with the virulent nematode population, and (iv) resistant tomato
plants inoculated with the virulent nematode population. The
T. asperellum T34 was applied at the dose recommended by
the manufacturer as liquid suspension, 0.5 g of T34 m~2 of
seedling tray before transplanting (1.9 x 10° cfu per plantlet)
and 0.01 g 17! of soil (3 x 10”7 cfu per plant) just after
transplanting. Each treatment was replicated 15 times per
each soil (M10.23 and M10.55). Plants were maintained in a
greenhouse for 40 days. In addition, three plants of each tomato
cultivar growing in sterilized sand and inoculated with T34 at
the same dose and timing were included to compare the ability
of T. asperellum to colonize roots in non-sterilized mixed soil
versus sterilized sand. At the end of the experiment, three egg
masses per plant were taken for quantification of fungal egg
parasitism as described in Giné et al. (2016). Afterward, eggs
were extracted from roots and counted following the procedure
previously described.

The detection and quantification of T. asperellum in tomato
roots and in M10.23 and M10.55 soils were estimated using the
TagMan-quantitative PCR (qPCR) protocol specifically designed
for this fungus by Gerin et al. (2018). Root colonization of plants
grown in the M10.23 and M10.55 soils was estimated from three

biological replicates per treatment. Each biological replicate
consisted of a pool of 3-g, 1-g root per each of three plants. For
plants cultivated in sterilized sand, each plant was considered
an independent biological replicate. For soil replicates, the
pooled soil from three independent pots per treatment was used.
DNA extraction from roots was carried out as in Lopez-Llorca
et al. (2010), while DNA was extracted from soil samples using
the DNeasy PowerLyzer PowerSoil Kit (Qiagen) following the
manufacturer’s instructions. All DNA samples were quantified
using Qubit dsDNA BR assay kit (Thermo Fisher Scientific).
qPCR reactions were performed using the Sso AdvancedTM
Universal Probes Supermix (Bio-Rad Laboratories, Hercules, CA,
United States) in a final volume of 20 I containing 40 ng of total
DNA, 250 nM of each primer (5" to 3’ direction) Ta_rpb2_fw
(GGAGGTCGTTGAGGAGTACGAA) and Ta_rpb2_rev_3
(TTGCAGATAGGATTTACGACGAGT) and 150 nM of
Ta_rpb2_probe (FAM-CGCTGAGGTATCCCCATGCGACA-
BHQ1) (Gerin et al., 2018). Negative controls containing
sterile water instead of DNA were included. Reactions were
performed in duplicate in a 7900HT Fast Real-Time PCR System
thermocycler (Applied Biosystems) using the following thermal
cycling conditions: initial denaturation step at 95°C for 2 min,
then 40 cycles at 95°C for 5 s, and 64.5°C for 30 s. Genomic
DNA dilutions of the T. asperellum T34 were used to define
a calibration curve from 10 pg to 100 ng. The specificity of
the PCR amplicons was verified by agarose gel electrophoresis.
T. asperellum DNA biomass was referred to the total DNA
biomass (40 ng).

Statistical Analysis

Statistical analyses were performed using the JMP software
v8 (SAS Institute, Inc., Cary, NC, United States). Both data
normality and homogeneity of variances were assessed. When
confirmed, a paired comparison using the Student’s t-test
was done, or Dunnetts test for multiple comparisons with
a control. Otherwise, paired comparison was done using the
non-parametric Wilcoxon test or multiple comparison using
the Kruskal-Wallis test and groups separated by Dunn’s
test (P < 0.05).

RESULTS

Induction of Systemic Plant Resistance
to an Avirulent M. incognita Population
by T. asperellum T34 and T. harzianum
T22

The split-root system did not influence tomato or cucumber root
development since root fresh weight did not differ between the
two halves of the split-root system of the None-None treatment
(P < 0.05) (data not shown). Both tomato shoot dry biomass and
leaf surface area did not differ (P < 0.05) between treatments
(data not shown). In cucumber, shoot dry biomass did not differ,
but the leaf surface area of the None-None treatment was lower
(P < 0.05) than the remaining ones (Figure 1).
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FIGURE 1 | Cucumber leaf area surface (cm?) in a split-root system
experiment conducted in two adjacent 200-ml pots (inducer—responder) in
which the inducer part of the root was non-inoculated (None-) or inoculated
with 10° cfu of Trichoderma harzianum T22 (T22-) or T. asperellum T34 (T34-)
just before transplanting and the responder part of the root was
non-inoculated (-None) or inoculated at a rate of 1 J2 cm~2 of soil of the
avirulent Meloidogyne incognita population Agropolis (-RKN) 1 week after
fungal inoculation. Each value is mean (column) of 10 replications and the
standard error (bar). Column with asterisk differ (P < 0.05) from the treatment
None-None according to the Dunnett’s test.
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FIGURE 2 | Number of eggs (x 103) (white column) and egg masses (spotted
column) produced by the avirulent M. incognita population Agropolis (-RKN) in
the responder part of the root of the susceptible tomato cv. Durinta in a
split-root system experiment conducted in two adjacent 200-ml pots
(inducer-responder) in which the inducer part of the root was non-inoculated
(None-) or inoculated with 10° cfu of T. harzianum T22 (T22-) or T. asperellum
T34 (T34-) just before transplanting and the responder part of the root was
non-inoculated (-None) or inoculated at a rate of 1 J2 cm~2 of soil of the
avirulent M. incognita population Agropolis 1 week after fungal inoculation.
Each value is mean of 10 replications and the standard error (bar). Column for
each variable with asterisk differ (P < 0.05) from the treatment None-RKN
according to the Dunnett’s test.

Both Trichoderma strains induced systemic resistance in
tomato (Figure 2) but not in cucumber (Figure 3). Trichoderma
asperellum T34 reduced both nematode infectivity and
reproduction (P < 0.05) by 71 and 54%, respectively. Meanwhile,
T. harzianum T22 suppressed nematode reproduction by 48%,
but did not affect nematode infectivity (P < 0.05). For cucumber,
the number of egg masses in the responder part of the root of
the T22-RKN treatment was 2.7 times higher (P < 0.05) than

FIGURE 3 | Number of eggs (x 102) (white column) and egg masses (spotted
column) produced by the avirulent M. incognita population Agropolis (-RKN) in
the responder part of the root of the susceptible cucumber cv. Dasher Il in a
split-root system experiment conducted in two adjacent 200-ml pots
(inducer-responder) in which the inducer part of the root was non-inoculated
(None-) or inoculated with 10° cfu of T. harzianum T22 (T22-) or T. asperellum
T34 (T34-) just before transplanting and the responder part of the root was
non-inoculated (-None) or inoculated at a rate of 1 J2 cm~2 of soil of the
avirulent M. incognita population Agropolis 1 week after fungal inoculation.
Each value is mean of 10 replications and the standard error (bar). Column for
each variable with asterisk differ (P < 0.05) from the treatment None-RKN
according to the Dunnett’s test.

in the None-RKN treatment, and the number of eggs in the
responder part of the root of T22-RKN and T34-RKN treatments
was 2.7 and 2.2 times higher (P < 0.05) than in the None-RKN
treatment, respectively.

Combined Effect of T. asperellum T34
and Tomato-Resistant Germplasm to an
Avirulent M. incognita Population

The infectivity and reproduction of the avirulent M. incognita
population Agropolis in the non-inoculated T34 resistant tomato
were 97.7 and 97.2% lower (P < 0.05) than in the susceptible
cultivar. For resistant tomato inoculated with T34, we observed
a reduction of 98.2 and 98.7%, respectively, compared to the
susceptible cultivar treated with T34 (P < 0.05).

The number of egg masses and eggs of M. incognita produced
in the susceptible tomato plants inoculated with T34 were 20 and
30% lower (P < 0.05) than those observed in the non-inoculated
susceptible plants. Regarding the resistant tomato, non-statistical
differences (P < 0.05) were found between T34-inoculated and
non-inoculated plants. Nonetheless, fewer egg masses and eggs
per plant were recorded in the resistant tomato inoculated with
T34 than in the non-inoculated (Figure 4).

Combined Effect of T. asperellum T34
and Resistant Tomato to a Virulent

M. incognita Population and Effect of
T34 on Natural Nematode Antagonism by

P. chlamydosporia
In soil M10.23, resistant tomato plants presented a 46% reduction
of eggs compared to susceptible tomato plants (P < 0.05)
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FIGURE 4 | Number of eggs (x 10%) and egg masses produced by the avirulent M. incognita population Agropolis in the resistant tomato cv. Monika (R) and the
susceptible cv. Durinta (S) cultivated in 200-ml pots inoculated with Trichoderma asperellum T34 (T34) at a rate of 0.01 g I~ of soil (2 x 10° cfu per plant) just after
transplanting and 7 days before inoculation with 1 J2 cm~2 of soil. Each value is mean (column) of 15 replications and the standard error (bar). Column with asterisk
indicate differences (P < 0.05) between treatments within each tomato cultivar according to the Wilcoxon test.
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independently of T34 treatment. In both tomato cultivars, the
nematode produced 41% fewer eggs in T34-inoculated than in
non-inoculated plants (Figure 5A). P. chlamydosporia was the
only fungal species isolated from parasitized eggs. The percentage
of parasitized eggs ranged from 21 to 28% and did not differ
(P < 0.05) between tomato cultivars or between T34-inoculated
and non-inoculated plants.

In soil M10.55, the nematode produced 77% fewer eggs
(P < 0.05) in the resistant than in the susceptible tomato
cultivar inoculated with T34, and 62% fewer eggs (P < 0.05)
in the non-T34 inoculated resistant than susceptible tomato
plants. The nematode produced 58% fewer (P < 0.05) eggs in
T34-inoculated than in non-inoculated resistant tomato, and
31.6% fewer eggs in susceptible T34-inoculated tomato than
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FIGURE 5 | Number of eggs (x 10%) produced by the virulent M. incognita population Agrovir in the resistant tomato cv. Monika (R) and the susceptible cv. Durinta
(S) inoculated with Trichoderma asperellum T34 (T34) in the seedling trays at a rate of 0.5 g m~2 (1.9 x 10° cfu per plantlet) 7 days before transplanting, and at rate
of 0.01 g I~ of soil M10.23 (A) or M10.55 (B) at transplanting in 3-L pots (3 x 107 cfu per plant) and inoculated with J2 to achieve a rate of 1 J2 cm~2 of soil. Each
value is mean (column) of 15 replications and the standard error (bar). Column with asterisk indicate differences (P < 0.05) between treatments within each tomato
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in non-inoculated (Figure 5B). The percentage of parasitized
eggs ranged from 25.4 to 28.9% and did not differ between
tomato cultivars or T34-inoculated and non-inoculated plants.
P. chlamydosporia was isolated from 90% of the total parasitized
eggs, T. asperellum from 5%, and the remaining 5% were
parasitized by an unidentified fungal species.

The standard curve for qPCR obtained by representing the
cycle threshold (Ct) against log of 10-fold serial dilution of
DNA from T. asperellum T34 was accurate and reproducible
to estimate the DNA concentration of this fungal species
(y = —3.1479x + 24.79; R% = 0.9956). The DNA concentration
in the M10.23 and M10.55 soil samples was very low since
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Ct values were higher than 35 cycles. Regarding the root
samples, the DNA concentration was also very low except for
two biological replicates of tomato cultivated in soil M10.55,
one biological replicate of cv. Durinta inoculated with T34 and
one of cv. Monika non-inoculated with T34 (Supplementary
Table S1). Regarding the tomato plants cultivated in sterilized
sand inoculated with T34, the majority of the Ct values was
below 35 cycles, and the T. asperellum DNA concentration was
estimated from those replicates. After analyzing 40 ng of DNA
extracted from tomato roots, the estimated DNA content for
T. asperellum did not differ (P < 0.05). It was 0.067 & 0.018 ng in
cv. Durinta and 0.087 £ 0.027 ng in cv. Monika.

DISCUSSION

This study provides evidence for the ability of two commercial
Trichoderma-based formulates, T34 Biocontrol (T. asperellum
strain T34) and Trianum P (T. harzianum strain T22), to induce
systemic resistance in tomato against M. incognita. Systemic
induction of plant defense mechanisms in tomato to RKN by
different species and/or strains of Trichoderma, i.e., T. asperellum
strain 203, T. atroviride strain T11, and T. harzianum strain T78,
has been proven (Sharon et al., 2009; de Medeiros et al., 2017;
Martinez-Medina et al., 2017). Martinez-Medina et al. (2017)
studied the hormonal regulation pathways and proposed a three-
phase model, that is, an early induction of the salicylic acid
pathway suppressing RKN infection, a second phase mediated
by jasmonic acid induction suppressing RKN reproduction
and fecundity, and a final salicylic acid induction that affects
root infection by the next J2 generation. Interestingly, the
results of this study show that the resistance is also induced
in tomato bearing the Mi-1.2 resistance gene. The effect of
combining R-genes with induced resistance by Trichoderma
was more evident against the virulent nematode population
than the avirulent one, which was highly suppressed by the
Mi-1.2 resistance gene although relatively less infection (34%)
and reproduction (67%) was recorded in relation to the non-
inoculated plants. Primed plants by Trichoderma can suppress
the virulent nematode reproduction about 50%. Then, the
resistance induced by Trichoderma is additive to that provided
by the Mi-1.2 gene. Thus, primed plants could be used as
an additional sustainable tool to manage virulent nematode
populations and also be useful for suppressing RKN species
non-affected by the MI.2 resistance gene such as Meloidogyne
hapla (Liu and Williamson, 2006) and Meloidogyne enterolobii
(Brito et al., 2007). Nonetheless, some -omic studies should be
conducted to know the gene regulation and the physiological
changes induced by the fungus in resistant tomato plants
to foresee the possible medium to long-term consequences
of using both types of resistance. If the additive effect is
due to an overexpression of defense mechanisms usually
expressed in R-gene-resistant plants, the probability for selecting
virulent nematodes could be higher than if additional defense
mechanisms are activated.

Interestingly, we found that the induction of resistance to
M. incognita by both Trichoderma strains vary between plant

species. Some reports have demonstrated the capability of
Trichoderma strains to induce resistance in cucumber against
several microbial plant pathogens (Khan et al., 2004; Shoresh
et al., 2005; Segarra et al., 2007; Alizadeh et al., 2013; Sabbagh
et al, 2017; Yuan et al, 2019). Segarra et al. (2007) found
that T. asperellum T34 increased the concentration of salicylic
acid and jasmonic acid in cotyledons of cucumber between
3 and 48 h suppressing Pseudomonas syringae pv. lachrymans
inoculated 24 h after fungal inoculation. That experiment used
a different inoculation regime, including a higher concentration
of fungal spores, and thus, it is possible that the dosage
used in the present work is sufficient to induce resistance in
tomato but not in cucumber. P. chlamydosporia also induced
systemic plant resistance against M. incognita in tomato but
not in cucumber inoculated with 10° viable chlamydospores
(Ghahremani et al., 2019). Increasing the inoculum density of
Trichoderma per cucumber plant could modify this result and
should be investigated. In addition to that, other causes could
be responsible for the lack of induction of plant resistance
to RKN. Recently, Chen et al. (2018) have reported that
vanillic acid, a root exudate of cucumber, influences the
fungal community in the rhizosphere and the abundance of
Trichoderma and Fusarium species depending on the vanillic
acid concentration. In our study, both Trichoderma strains
increased the nematode reproduction in cucumber compared to
the non-fungal-inoculated plants. As such, we cannot discard
the possibility that Trichoderma might increase nematode
susceptibility on cucumber plants. Further studies are needed
to elucidate this.

T34 did not affect P. chlamydosporia egg parasitism that
naturally occurred in soils M10.23 and M10.55. The ability
of some Trichoderma spp. to parasitize nematode eggs and
juveniles has been proven, and the mechanisms involved
have been studied (summarized in Sharon et al., 2011; Szabd
et al., 2012). The T. asperellum T34 used in this study can
parasitize individual eggs in in vitro conditions (data not shown),
but it was only isolated from 5% of the total M. incognita
parasitized eggs produced in tomato cultivated in soil M10.55
inoculated with T34. This reduced ability of Trichoderma
for parasitizing RKN eggs in comparison to other fungal
egg parasites naturally occurring in soil can explain the lack
of references regarding isolation of Trichoderma spp. from
RKN eggs in vegetable growing areas from Spain (Olivares
and Lopez-Llorca, 2002; Verdejo-Lucas et al., 2002, 2013;
Giné et al., 2012).

It is known that Trichoderma spp. strains can act as nematode
antagonists affecting J2 motility, nematode development,
egg hatching, nematode reproduction, and disease severity
(summarized in Sharon et al., 2009; Wann et al., 2016), and also
inducing resistance against RKN in susceptible tomato cultivars
(Sharon et al., 2009; de Medeiros et al., 2017; Martinez-Medina
et al., 2017). This study provides new evidence of the ability
of some additional Trichoderma strains to induce resistance to
RKN in susceptible tomato and demonstrate for the first time the
ability to induce resistance in tomato carrying the Mi-1.2 gene
and that this resistance is additive to that provided by the R-gene
against a virulent nematode population.
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CONCLUSION

This study proves that the strains T34 of T. asperellum and T22
of T. harzianum induce resistance against M. incognita in tomato
but not in cucumber, at least under our experimental conditions.
Resistance conferred by the Mi-1.2 resistance gene and that
induced by T34 in tomato is additive. Finally, T34 does not affect
the egg parasitism by the naturally occurring P. chlamydosporia.
To foresee the potential selection for nematode virulence, future
studies are needed to understand the genes related and the
physiological changes involved in inducing resistance in tomato
plants bearing the Mi-1.2 gene. Moreover, the compatibility of
commercial Trichoderma formulates with nematode antagonists
that occurs naturally should be studied in deep to avoid potential
detrimental effects.
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