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Abstract

Root-knot nematodes (Meloidogyne spp.) cause great losses in tomato crops. An environmentally
friendly for its control is the use of predatory fungi such as Purporeocillum lilacinum, which reduces its
population in the soil and mitigates yield losses. Therefore, the objective of the present study was to evaluate
the biocontrol efficacy of the strains of the nematophagous fungus Purporeocillum lilacinum and liquid
bioformulates on the eggs of the root-knot nematode Meloidogyne incognita, and the formation of galls on the
tomato root. Two native strains of Purporeocillum lilacinum H2 and H3 combined with the bioformulated
Extract of Beneficial Microorganisms (EPMB’) and the root exudate stimulator Exu-Root were tested on
Meloidogyne incognita eggs and tomato plants. The results obtained indicate that the Purporeocillum lilacinum
H2 and H3 strains infected the Meloidogyne incognita eggs, interrupted the development of the embryos and
caused their death, which significantly reduced the presence of galls in the root of the plants. In short, the
maximum biological performance was presented with the treatments H2+Exu-Root” and H34+EPMB", which
had the lowest number of galls with 19.2 and 20.3 galls per plant respectively, compared to the control that
presented 88 galls in the root and the treatments where the fungus was not applied (69-85 galls). Finally, it is
concluded that the results demonstrate the potential of the Purporeocillum lilacinum H2 and H3 strains as
biocontrol agents against the root-knot nematode Meloidogyne incognita, and that, in combination with

EPMB® and Exu-Root’, the efficacy can be increased to reduce its population.

Keywords: biocontrol; biological efficacy; nematophagous fungus; parasitism; Purpureocillium

lilacinum; tomatoes

Received: 17 Nov 2022. Received in revised form: 10 Dec 2022. Accepted: 30 Jan 2023. Published online: 14 Feb 2023.

From Volume 49, Issue 1, 2021, Notulac Botanicae Horti Agrobotanici Cluj-Napoca journal uses article numbers in place of the
traditional method of continuous pagination through the volume. The journal will continue to appear quarterly, as before, with four
annual numbers.


https://www.notulaebotanicae.ro/index.php/nbha/index

Nifio-Arteaga DM et al. (2023). Not Bot Horti Agrobo 51(1):13010
Introduction

The tomato is very popular among the world population due to its culinary and nutraceutical
characteristics (Melomey ¢z al., 2019). It is one of the vegetables with the highest demand and consumption in
Mexico that generates large foreign exchange for the country, since it is mainly exported to the United States.
At the national level, Mexico has an annual production of 3,324,263.09 t, of which the state of Chihuahua
produces 960,241.89 t (SIAP, 2021), being one of the main vegetables produced and exported by the country
(SAGARPA, 2021).

One of the limiting factors in agricultural production of tomato in Mexico is the damage caused by
phytoparasitic nematodes (Tapia-Veldzquez ez 4l., 2022). Various studies have shown that M. incognita can
invade, develop and reproduce in tomato crops, causing great damage that directly affects yield (Sharma ez al.,
2021). Nematodes of the genus Meloidogyne, of which the species is unknown, are hosts of the tomato plant
and cause considerable damage and production losses (Kaur e al, 2016). This nematode has a wide
geographical distribution and can interact with other phytopathogenic microorganisms, thus causing a
complex of diseases that cause losses greater than those caused individually, and even accelerate the death of
plants (Vestergard, 2019).

Globally and over time, Meloidogyne spp. has retained the status of the most damaging and economically
important plant parasitic nematode, derived especially from its polyphagous feeding habit that includes a wide
range of hosts. The devastating effect it causes on tomato cultivation, one of the main vegetables worldwide,
places it as one of its most important pathogens (El-Deen and El-Deeb, 2018).

Plants parasitized by Meloidogyne spp. show symptoms to varying degrees; damage is manifested in lack
of vigor, nutritional deficiencies, and stunting (Eder ez /., 2021). These disasters caused by nematodes of the
genus Meloidogyne generate losses worldwide that exceed $100 bn USD annually (Yigezu, 2021; Desaceger,
2021), and losses of up to 50% of tomato yield worldwide caused by M. incognita (Sujatha ez al., 2017).

The parasitism of Meloidogyne spp. in tomato cultivation it is very significant due to its high frequency
of infestation, rapid expansion and ability to reduce its yield by up to 68% (Bhardwaj ez 4/, 2021). The damage
caused decreases the number of fruits and alters their quality, thus impacting their marketing price (Ahmad ez
al,2021).

Chemical control has little efficiency due to the biology of Meloidogyne, since it is an obligate
endoparasite and has great reproductive potential with several generations during the year (Tapia-Veldzquez ez
al., 2022). The limited use of techniques whose objective is to reduce the abundance of nematodes to achieve
an efficient control of M. incognita has not allowed the development of the full genetic potential of the crops
attacked by this nematode. Currently, different options are being explored to combat pests, within which
biological control is one of the safest alternatives for the environment (Naz ez 4/, 2021), and is considered one
of the risk-free choices against to the problems derived from the use of pesticides (Viljoen, 2019).

There are certain fungi that can limit the population grow of nematodes. These fungi quickly disperse
in the soil and are well adapted to the environment. Among the fungal predators of nematodes is
Purpureocillium lilacinum, first named as Paecilomyces lilacinus (Thom) Samson (Luangsa-Ard ef 4l., 2011),
which has a high potential for the biological control of these organisms, due to the fact that it has been shown
to significantly infect nematode eggs (Al-Hazmia ez 4/, 2019) and play an important role in the natural
regulation of their populations (Ahmed and Monjil, 2019).

In general, it is necessary to carry out more research on the mechanisms that enable biological control of
the fungus Purporeocillum lilacinum over the root-knot nematode Meloidogyne incognita, one line of research
is the use strains that show greater aggressiveness for the control of these nematodes. Therefore, the objective
of this study was to evaluate the biocontrol effectiveness of two strains of the fungus P. lilacinum and bio-

formulated products, on the viability of M. incognita eggs, and the formation of galls in tomato plants.
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Materials and Methods

Study site location

The extraction of adult females, egg mass, taxonomic identification and iz vitro evaluation of parasitism
on nematode eggs; were tasks carried out in the Phytopathology laboratory of the Faculty of Agricultural and
Forestry Sciences of the Autonomous University of Chihuahua, located at Km 2.5 Delicias-Rosales highway,
Chihuahua, Mexico, during the months of January-April 2007. The evaluation in vivo on the formation of galls
in the root of tomato plants, was carried out in a greenhouse located in the facilities of the service company
Innovack Global S.A de C.V., located in the city of Chihuahua, Chihuahua, Mexico, in the period of April-July
2007 (Figure 1).
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Figure 1. Location of the study area; Chihuahua, Mexico. USGS National Map Viewer:

http://viewer.nationalmap.gov/viewer/.

Origin of biological material

Adult gravid nematode females and egg masses were obtained from the root of a senescent melon crop
with severe root galling symptoms. First, the complete roots of three melon plants were separated by cutting at
the base of the stem, then the roots were washed to remove soil remains, and excess water was removed with
paper towels.

Females and egg masses were extracted under the optical stereoscope (Carl Zeiss, Gottingen, Germany).
A transverse cut was made in the galls with a scalpel, and once exposed, each of the females were removed from
the root cavity with a dissection needle (Peraza e al., 2013) and placed in a vial with distilled water/sterile for

sto rage.

Taxonomic identification of the nematode

Female nematodes were removed from the root and placed in lactoglycerol, a perineal cut was made as
close as possible to the posterior end of the body of the females, and the internal organs were removed. Next,
the perineal section was transferred to a slide and a few drops of lactophenol were added for observation under
an optical microscope (Carl Zeiss AG International, Oberkochen, Germany). Identification of root nodule

nematodes followed the method described by Taylor and Sasser (1983).

Effectiveness on the viability of M. incognita eggs in vitro

The strains of the fungus P. lilacinum H2 and H3 (Innovack Global S. A. de C. V.) were grown in Potato
Dextrose Agar (PDA) culture medium (J.T. Baker, State of Mexico, Mexico), and were incubated at 28 °C for
seven days (Felisa” Incubator, Zapopan, Jalisco, Mexico) until the mycelium completely covered the Petri dish
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(35mm/11mL Vol.,, Pyrex®, Charleroi, Pennsylvania, USA) and the production of conidia was observed.
Subsequently, 150 nematode eggs were counted in a Neubauer chamber (BRANDTM, Madrid, Spain), which
were suspended in 3 mL of distilled/sterile water (J.T. Baker, State of Mexico, Mexico) and added to the Petri
dish containing the fungus. Three replications were made per treatment and for the control only the suspension
of eggs was applied on a PDA plate. The samples were incubated for 15 days at 28 °C and after this time,
observations were made to determine the parasitism of the fungus on the nematode eggs by observing.
Morphological changes under the light microscope (Carl Zeiss, Axiostar Gottingen, Germany). The
photographs were taken directly from the culture plate and without any kind of fixation of the eggs.

Effectiveness on M. incognita in tomato cultivation under greenhouse conditions

A completely randomized design with eight treatments and ten replications was used (Table 1). A
hydroponic system with sterilized sand was used in a vertical autoclave (AESA mod. CV300), under 103.4kPa
pressure and 121.5 °C temperature for two hours. The sand was used as a substrate to germinate tomato seeds
of the Rio Grande variety. Application of treatments started after 20 days of seedling emergence. Firstly, with
aglass stirring rod with a rounded tip, five 5-cm-deep perforations distributed around the seedling and near the
stem were made, subsequently the nematode eggs were inoculated using a pipette, and 150 eggs were placed in
each perforation.

Table 1. Description of applied treatments

Treatments Description Code
Control No aplication T1
EPMB® Extract of Beneficial Microorganisms T2
Exu-Root” Root Exudate Stimulator T3
H2 Purpureocillium lilacinum strain 2 T4
H3 Purpureocillium lilacinum strain 3 T5
12+ EPMB® P. lilacinum stra.in 2+ Ex.tract of Beneficial Té

Microorganisms
H2+Exu-Root’ P. lilacinum strain 2 + Root Exudate Stimulator T7
H3+EPMB® P. lilacinum stra.in 3+ Ex.tract of Beneficial T8
Microorganisms
H3+ Exu-Root’ P. lilacinum strain 3 + Root Exudate Stimulator T9

The inoculation with P. /ilacinum was carried out seven days after having inoculated the nematode eggs,
6 mL of a conidia suspension were applied at a concentration of 1x10* conidia mL-1 per pot following the
methodology described by Colome ez al. (1989); Fifteen days later, a second inoculation was performed using
the same technique.

The treatments of Extract of Beneficial Microorganisms (EPMB®) and Root Exudate Stimulator (Exu-
Root®) (Innovack Global S.A. de C.V.) were applied 17 days after inoculating the nematode eggs at the
recommended commercial doses, EPMB® was applied at a concentration of 5 mL in 100 mL of water and Exu-
Root" ata concentration of 0.2 mL in 100 mL of water. After fifteen days, a second application was made using
the same doses.

After inoculation, they were irrigated with a nutrient solution until the end of the experiment, the
number of irrigations was determined by the water demand of the plants, taking into account the temperature
recorded inside the greenhouse, which was maintained between 28-30 °C. The formulation of the complete
nutrient solution was: Calcium nitrate 0.381 g L', NKP 0.192 g L', Magnesium sulfate 0.25 g L, Carboxy
micro 0.25 gL, Copper sulfate 0.5 mL L', Ammonium molybdate 0.2 mL L, Iron EDDHA 0.025 g L™
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Sampling and plant analysis

67 days after the experiment was established, the evaluation of variables (Number of root galls, root
length, leaf biomass, and root biomass) were carried out to determine the damage caused by the nematode and
the control potential of P. lilacinum. First, the roots were carefully washed with running water and deionized

water to remove impurities, then the number of galls produced in each root was quantified as described by
Morales, 2006 and Regmi and Desaeger, 2020.

Evaluation of agronomic variables

Root length

This variable was measured using a ruler, which was placed from the base of the stem to the longest distal
end of the root, the result was expressed in centimeters (cm) (Regmi and Desaeger, 2020).

Number of galls

Galls were located by direct observation of the root, and counted with the help of a manual counter
(Heathrow Scientific™ Manual Counter, Illinois, USA). The result was expressed in number of root galls per

plant (Regmi and Desaeger, 2020).

Leaf and root biomass

Leafand stem samples, along with root samples were washed with tap water and deionized water, dried
on brown paper to remove excess water and placed in a forced air oven at 70 °C for 24 hours (Felisa® St. Livonia,
Michigan, USA). After the drying time, the samples were weighed with an analytical balance (Precision
Electronic Balance AND Company Limited, Milpitas, CA, U.S.A.) and the weights were expressed in grams
per plant (g plant-1) (Sdnchez, 2006).

Statistical analysis
Analysis of variance and mean separation test by Tukey (p=0.05) were performed on the data obtained

using the statistical package SAS, 2007 (Statistical Analysis System. Raleigh, NC, USA) version 9.1.

Results and Discussion

Identification of females of M. incognita

The morphological characteristics observed in the collected females nematodes showed the
characteristic perineal pattern of M. incognita (Figure 2). These patterns were compared with the taxonomic
keys published by Taylor and Sasser (1983), which show the specific morphological characteristics of this
species. Similarly, they were compared with the descriptions of perineal patterns published by Alvarez (2006),
and with the morphological description of perineal sections of females of M. incognita published by Peraza-
Padilla ez 4/., 2013; which confirmed that the species used in the present study was indeed M. incognita.



Nifio-Arteaga DM et al. (2023). Not Bot Horti Agrobo 51(1):13010

(A) (B) (©)

Figure 2. A and B) Photomicrograph of perineal patterns obtained from sections of collected Melvidogyne

incognita females, C) 1: Taxonomic keys of M. incognita, Taylor and Sasser (1983), 2: Perineal patterns of
M. incognita, Alvarez (2006), 3: Morphological and morphometric analysis of perineal sections of females
of M. incognita, Peraza-Padilla ez al. (2013).

Effectiveness on the viability of M. incognita eggs in vitro

The results showed that the P. filacinum strains colonized the M. incognita eggs, since the mycelium
penetrated the shell and produced spores inside of them (Figure 3). The penetration of P. lilacinum is possible
thanks to its chitinolytic capacity, which destroys the chitin that forms the cover of the eggs, while using
mechanical force. The eggs were severely affected by the action of the fungus and did not hatch, the juveniles
inside the eggs failed to complete their first embryonic stages and did not hatch, the immobile juveniles inside
the eggs were assumed to be dead (Figure. 3). The greatest morphological alterations occurred in the eggs whose
content was vacuolated by the action of the fungus, and the development of the immature juveniles in
formation was interrupted (Figure 4). Similar results were obtained by Cardona ez 4/. (2014) who in their
research applied an extract of Purporeocillum which caused vacuolization in the eggs of M. incognita-javanica.
Parasitized second-stage larvae already hatched were also observed, enveloped by the hyphae of the fungus only
observed unaccounted for, as well as spores on the wall of the eggs (Figure 5).
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Figure 3. Eggs of Meloidogyne incognita in their first stages parasitized by the fungus Purpureocillium
lilacinum. (D) H (hyphae): Fungal hyphae on the egg shell. (E) NE (unhatched): 1st. larval stage inside the
unhatched egg

Figure 4. Eggs of Meloidogyne incognita in their early stages parasitized by the fungus Purpureocillium.
lilacinus. (F and G) V (vacuolated): vacuolated unhatched eggs, ED (arrested embryogenesis): egg where
embryogenesis was stopped

0

Figure 5. (H) LP (parasitized larvac): Meloidogyne incognita second instar larvae parasitized by hyphae of

Purpureocillium lilacinus. (1) E (spores): P. lilacinus spores in the egg wall
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In the in vitro study, the P. lilacinum strains stopped the development of M. incognita eggs by reducing
the number of emerged juveniles, and it was observed that it killed hatched juveniles. The hatching of juveniles
was lower when the eggs were exposed to the action of the H3 strain of P. lilacinum, which showed a control
efficacy of 99.22%. The H2 strain also had great efficiency for the control of nematode eggs with 96.33%. In
both cases the reduction oegg hatching was almost complete (Table 2). The difference in efficacy between the
strains was quantified at just 2.72% on the day of the reading. Only 3.47% and 0.78% of the eggs were not
parasitized 15 days after inoculation with H2 and H3, respectively.

Table 2. Predatory effect of Purpureocillium lilacinum on Meloidogyne incognita eggs 15 days after

inoculation
Treatments Number of eggs Number of parasitized eggs
Control 731+ 18a Oc
Purpureocillium lilacinum (H2) 231+ 14b 223+ 16a
Purpureocillium lilacinum (H3) 138 + 14 ¢ 137+ 15b

Values shown are calculated mean + S.E. Different letters between treatments denote significant differences (Tukey's
test, p < 0.05).

The observations of parasitism on the eggs of M. incognita coincided with that described by Peraza-
Padilla ez 4/. (2014) and Youssef ez 4/. (2020), who in an iz vitro evaluation observed the presence of mycelial
networks inside M. incognita eggs, deforming them and preventing their hatching. Ahmad ez 4/. (2019),
reported that P. [ilacinum has the ability to infect all stages of development of some nematodes, since it can

inhibit the ability to move and alter vital processes such as hatching and feeding,

Effect of treatments on the number of root galls
All the evaluated plants presented galls on their roots induced by M. incognita. However, the treatments
where P. lilacinum was applied showed less galling; this highly significant difference can be seen in Figure 6.

100 -
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0 -

T1 T2 T8 T9
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Figure 6. Number of galls induced by Meloidogyne incognita in tomato roots treated with P. lilacinum,
EPMB° and Exu-Root’

Different letters between treatments denote significant differences (Tukey's test, p < 0.05).

P. lilacinum successfully reduced the formation of galls in the tomato root which appear as a result of
the attack of M. incognita. The treatments that did not have the presence of the fungus (T1, T2 and T3) showed
the most severe symptoms of root galling (Figure 6). The combinations that gave the best results were T7 and
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T8 with 19.2 and 20.3 root galls, respectively; this result is mainly attributed to the direct action of the fungus
on this pathogen. The effect of the Exu-Root” and EPMB’ products contribute by having a direct effect on the
development and growth of the root. Kiriga ez a/. (2018) mentioned that P. /ilacinum reduces the formation of
galls caused by the genus Meloidogyne; likewise, they reported that the fungus applied at the time of sowing or
two weceks later, is more effective in reducing the rate of gall formation. Ahmad ez 4/. (2019) found that the
application of P. ilacinum considerably reduced the population of the nematode, this is reflected in the number
of galls present in the root. Najafi ez al. (2017), found that products based on P. lilacinum significantly
decreased the number of galls in the root of tomato plants caused by M. incognita.

Effect of treatments on leaf biomass

Infection with M. incognita can reduce chlorophyll content and alter levels of amino acids and organic
acids (Ahmed and Shahjahan, 2019). A severe infection of this nematode causes alterations in the levels of
amino acids, organic acids and reduces the content of chlorophylls, causes growth retardation and reductions
in the biomass and bioactive components of the roots and leaves (Saikia e 4/., 2013). In this study, the presence
of galls caused by M. incognita did not significantly affect leaf biomass (Figure 7), probably due to the fact that
the experiment was withdrawn before the physiological maturity of the plant and the damage was not reflected
in the above-ground plant organs as is the frequently the case of damage caused by the pathogen during the
complete cycle of the plant. The T3 treatment presented the highest average leaf dry weight with 14.26 g,
attributing this result to the fact that the product promotes root activity, which favors the development of the
plant. The treatment with the lowest accumulated foliar biomass was T4 with 11.84 g. The rest of the
treatments showed little difference as shown in Figure 7. These data agree with what was reported by Pinto
(2009), who reported in his research that the presence of nematodes did not alter leaf biomass.

16 +

14 - ]

12 1 = B &
10 4
6,
4,
2,
0,
T1 T2 T3 T4

T5 T6 T7 T8 T9

Treatments

Leaf biomass (g plant)
o

Figure 7. Leaf biomass of tomato plants treated with P. /ilacinum, EPMB” and Exu-Root’

Same letters do not represent significant differences Tukey (p > 0.05).

Effect of treatments on root biomass

The presence of M. incognita in the root of the treatments evaluated did not significantly affect the
accumulation of root biomass, the galls caused by the pathogen did not influence this variable (Figure 8), as
reported by Olusesan e 4/. (2022). However, this variation in the result was possibly due to the fact that the
crop was terminated only 67 days after being established, which limited the reflection of the effect of this
nematode, by causing the increase in root volume as a result of massive gall formation. Oclarit ¢z 4/. (2009)
mentioned in their research that root biomass was significantly higher in plants inoculated with M. incognita
due to the presence of larger galls on the roots. In this work, T2 and T6 were 23.72 and 21.43% above T1,
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which presented the lowest root biomass (2.67 g). The characteristic of these treatments is that EPMB® and
Exu-Root” are root stimulators that help root development. In investigations carried out by Camacho et al.
(2020) it can be seen that the difference between the inoculated treatments and the control is precisely due to
the fact that the latter is not inoculated with the evaluated agents.

4,
35 1

a _
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25 -
5
15 -
1]
05 -
o
T3 T4 TS

T1 T2

e

2

Root biomass (g plant?)

T6 T7 T8 T9

Treatments

Figure 8. Root biomass of tomato plants treated with the fungus P. lilacinum, EPMB’ and Exu-Root’

Same letters do not represent Tukey significant differences (p > 0.05).

Effect of treatments on root length

For this variable, the plants of the T2 treatment presented greater length with 21.8 ¢m, probably due to
the effect that the product has on the microflora adjacent to the root zone (Figure 9), and this, in turn, favors
root growth. The root-microorganism interaction promotes root growth and the ability to absorb nutrients
(Gonzélez and Fuentes, 2017). In various investigations that studied the interactions between plants and
certain microorganisms that promote plant development, the root played a key role because it is the organ of
the plant that is colonized in the first instance (Yanez, 2021). Although the treatments did not show significant
statistical influence on root length, it is important to consider the effect and response observed in the analyses.
The combination of strain H3 with EPMB™ and Exu-Root (T8 and T9) had a greater effect than the
combinations with strain H2 (T6 and T7). The 5.6% and 2.89% difference in the result on root length,
between the H3 and H2 strains, respectively, although minimal, could imply a greater positive effect of the H3
strain on the development of the aerial part of the plant (Figure 9).
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Figure 9. Length of tomato root treated with the fungus P. lilacinum, EPMB® and Exu-Root
Same letters do not represent Tukey significant differences (p > 0.05).
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It should be noted that the results of this study demonstrate the potential of P. lilacinum strains as
successful biocontrol agents against the root-knot nematode M. incognita; which also agrees with the
investigations carried out by Rojas (1996), who reported that P. lilacinum parasitizes eggs and females of this

nematode, and that it has demonstrated the ability to regulate its populations at levels that are not harmful to
the crop.

Conclusions

The identification of the genus and species of the root-knot nematode M. incognita in this study one of
the first reports of the presence of this nematode in the state of Chihuahua, Mexico.
The evaluated strains of P. lilacinum H2 and H3 infected M. incognita eggs and interrupted their development.
Despite not showing significant response on plant growth variables, it was shown that they have the ability to
reduce the number of galls on tomato roots caused by M. incognita, a potentially devastating nematode.

The results of this study demonstrate the potential of the P. /ilacinum H2 and H3 strains as biocontrol
agents against the root-knot nematode M. incognita, and that, in combination with EPMB’ and Exu-Root, the

efficacy in root-knot nematode control can be improved by decreasing the initial populations of this pathogen.
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