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Abstract

In vitro interaction of three Argentinean isolates of Purpureocillium lilacinum (one isolated
from a public park and two from agricultural soils) towards Nacobbus aberrans eggs was studied.
After seven incubation days, the three isolates showed reproductive fungal structures fully
developed whereas 80 to 100 % of the eggs were infected. No significant differences among the
three isolates were observed in fungal activity with respect to hatching and parasitism under the
assayed test conditions (p>0.05). The hatching percentage in control plates increased during the
evaluation period of the cultures, with no signs of fungal infection, showing significant differences
as compared to the plates infected (p<0.05). Although the three isolates studied could be considered
as potential agents for biological control of root-knot nematodes, it is necessary to further study
some aspects in a wide range of experimental conditions in the laboratory, greenhouse and field so
as to determine their real efficiency.
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Introduction

Total vegetable production in Argentina range from 8 to 10 million ton/year with more than
115 species cultivated. Most of these vegetables are destined to local and/or regional markets. In
average, 65 % of the production corresponds to 9 species, including tomato. The importance of
tomato as a fresh or preserved food has given rise to the need for a comprehensive management of
tomato crop and the implementation of the corresponding Good Agricultural Practices. Vegetable
growers face several problems; one of them is the sanitary problem, which is usually managed from
a reductionist point of view (crop-pest relationship), being the use of agro-chemicals the essential
tool to control diseases and pests (Argerich & Troilo 2011).

Phytonematodes constitute a limiting factor that has become more relevant in the last years,
especially in crops under greenhouse conditions. Among them, cecidogenous (gall-formers)
phytonematodes are the most important, not only due to their direct incidence on the crops but also
due to their capacity to reproduce and persist in the environment. These nematodes are responsible
for plant weakness and crop losses due to the presence of galls or “rosary—like beads” in the plant
roots. The most important genera of cecidogenous phytonematodes are Meloidogyne and Nacobbus
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(Argerich & Troilo 2011, Jones et al. 2013). Nacobbus aberrans (Thorne) Thorne and Allen or “the
false root-knot nematode” is endemic in Argentina and other American countries where it produces
great economic losses. This nematode affects a wide range of hosts, among which tomato crop,
particularly when cultivated under greenhouse conditions, is one of the most attacked with losses
that may range from 10 to 40 % (Adlercreutz et al. 2008). Nacobbus aberrans presents a complex
life-cycle, with migratory, vermiform juveniles and immature adults moving through the root and
feeding on cells, causing cavities and lesions inside the root tissue. By contrast, the mature females
are sedentary and induce partial dissolution of the cell walls and the fusion of cell protoplasts,
resulting in specialized feeding sites called syncytia on which the “galls” are formed (Manzanilla
Lopez et al. 2002, Jones et al. 2013). Nacobbus aberrans is usually found in higher population
densities than Meloidogyne sp. In addition, persistence of N. aberrans in the environment is related
to the lack of commercial cultivars resistant to this nematode. Nacobbus aberrans is a quarantine
pest (Al) subjected to multiple regulations in various parts of the world where its presence has not
yet been reported (EPPO 1984).

The use of chemical pesticides, which are generally recognized as potentially toxic for
humans and the environment, eventually constitutes a short-term solution to the problem of
nematodes (Sabarwal et al. 2018). However, it finally results in the loss of soil biodiversity, the
alteration of the trophic chains and the subsequent loss of the soil health (Kibblewhite et al. 2008).
Substances used as chemical fumigants include Metam Sodium, Metam Potassium, Chloropicrin +
1,3-dichloropropene and methyl bromide whereas Aldicarb, Carbofuran, Etoprop and Fenamifos
are currently employed as nematicides. On the other hand, Argentina has confirmed the Montreal
Protocol, which states that methyl bromide (used mainly as soil fumigant) should be withdrawn
from the market (Valeiro 2015).

In search of alternatives to this management practice, need arises of the new studies involving
native microorganisms with antagonistic activity against the diverse stages of root-galling
nematodes. The soil is a complex environmental system, where pathogenic and beneficial
microorganisms influence plant growth and health. Using some of these microorganisms as
biocontrol agents could result in a potential reduction in the use of agrochemical products and a
contribution to a more sustainable use of the soil (Massart et al. 2015, van Lenteren et al. 2017).

Nematophagous fungi have attracted much attention among the potential biocontrol agents of
phytonematodes. According to their action they can be classified in four groups (nematode-
trapping, endoparasitic, egg and female-parasite, and toxin-producing fungi). Genera Verticillium,
Paecilomyces, Pochonia, etc., are included in the group of egg- and female-parasitic fungi. Some of
them are commercially produced and used in crop fields with highly variable and inconsistent
performance. Pochonia chlamydosporia and Paecilomyces lilacinus have demonstrated to be the
most effective (Dong & Zhang 2006, Mubyana-John & Wright 2011, Tranier et al. 2014).

Paecilomyces lilacinus (Thom) Samson, currently named Purpureocillium lilacinum (Thom)
Luangsa-ard et al. (Luangsa-ard et al. 2011), is associated with antagonism towards sedentary
stages of root-galling nematodes (eggs and females). It is an opportunistic parasite since its
parasitic activity depends on the possibility of establishing contact with the “target” organism
(Cannayane & Sivakumar 2001, Bhat et al. 2009, Udo et al. 2014). Paecilomyces lilacinus 251
deposited in the Australian Government Analytical Laboratory (AGAL, N° 89/030550) is recorded
and commercialized as Bio-Act and is used as biocontrol agent for phytonematodes (von Erffa
2013). A great number of P. lilacinum isolates have been obtained from soil of different parts of the
world, as well as from nematodes and insects, being this fungus one the most used in formulated
nematicides (Dong & Zhang 2006, Wilson & Jackson 2013). The great diversity regarding
environment and hosts suggests that with the same infection mechanism, the different isolates show
differences regarding the efficiency of their antagonistic activity (Holland et al. 1999, Capparelli
Cadioli et al. 2007).

The aim of the present study was to assess the in vitro antagonistic activity of three
Argentinean isolates of P. lilacinum, obtained from soils with different characteristics, against N.
aberrans eggs.
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Materials & Methods

Microorganisms and culture conditions

Purpureocillium lilacinum LPSC # 876, isolated from the soil of a public park (Paseo del
Bosque, La Plata City, Buenos Aires Province, Argentina), was used. The fungus was isolated
using an adapted soil sprinkling technique with eggs of Toxocara canis (Werner 1782) to bait
fungal egg-parasites (Gortari et al. 2007). This isolate is deposited in the strain collection at the
Spegazzini Institute Fungal Type Culture Collection (La Plata, Argentina).

Other two P. lilacinum isolates, designed Ls and Pv, were obtained from soil samples taken
from an orchard (Pereyra Iraola Park, Buenos Aires Province, Argentina) using commercial chitin
(coarse flakes) wrapped in a 50-mesh nylon cloth as a baiting bag (Tsay et al. 2006).

The three P. lilacinum isolates (LPSC # 876, Ls and Pv) were cultured on potato dextrose
agar (PDA) at 28 + 1 °C for 10 days. The conidia produced were extracted by adding 0.1 % Tween
80 solution and the suspension obtained was diluted at a concentration of =~ 1 x 10° conidia/mL
before used.

Taxonomic studies

All fungal isolates were identified on the basis of their macro- and micro-morphological
characteristics. Molecular confirmation was conducted by the Institute of Microbiology and
Agricultural Zoology (IMYZA), National Institute of Agricultural Technology. Isolates were grown
on potato dextrose broth (PDB) at 28 + 1 °C for 3 days. Total DNA was extracted using a DNeasy
Plant Mini Kit (Qiagen, Germany) according to manufacturer’s instructions. Amplification of the
rDNA-ITS region (1 and 2 introns and 5.8S exon) using ITS1/ITS4 primers and of the TEF gene
was carried out as described by White et al. (1990) and Luangsa-ard et al. (2011), respectively. The
ITS and TEF dataset was combined and maximum likelihood analysis was performed using
ClustalW in MEGA 5.1 (Tamura et al. 2011). In this context, Purpureocillium lilacinum (Luangsa-
ard et al. 2011) was used as the taxonomic denomination for our study.

Evaluation of fungal viability

Viability of conidia was estimated from the germination rate (expressed as percentage) after
a culture period ranging from 18 to 24 h, at 28 £ 1 °C, in 1 % water agar in a wet chamber. Aliquots
of culture medium were placed on a sterile glass slide mounted on a VV-shaped glass rod on a filter
paper moistened with sterile distilled water inside a Petri plate (9 cm). Ten microliters of each
conidial suspension (= 1 x 10° conidia/mL) were cultured on the solidified medium. After
cultivation, conidia were observed under microscope (400x) and the germination percentage was
determined.

Phytonematode

Nacobbus aberrans was collected from soil samples from tomato crop fields cv. Elpida F1®
(Syngenta AG, Switzerland) naturally parasitized in the Experimental Farm, School of Agriculture
and Forestry, National University of La Plata. The taxonomic identification was conducted by the
Laboratory of Plant Protection, Rama Caida Agricultural Experimental Farm (Mendoza-San Juan
Regional Center, National Institute of Agricultural Technology) on the basis of morphological
characteristics. The parasite was maintained and reproduced from a single mass of eggs (ME) on
tomato plants cv. platense grown in pots under greenhouse conditions (Vovlas et al. 2007).

Extraction of egg masses of N. aberrans

After 55-60 days of cultivation, tomato plants were removed. Root pieces with galls were
carefully washed with tap water and treated with a solution of Phloxine B (0.015 %) for 20 min to
stain the ME. The ME were then extracted under a stereoscopic microscope (10x-50x%, Leica EZ5)
with the help of a dissecting needle and placed in an Eppendorf test tube. The eggs were separated
by dissolution of the gelatinous matrix of the ME with a 1 mL of NaClO (1 %) solution by
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vortexing for 5 min. Then, eggs were repeatedly washed with sterile distilled water and centrifuged
(14,000 x g, 1 min) to completely remove residual NaClO. The number of eggs/mL was calculated
by counting one aliquot (10 pL) using a stereoscopic microscope.

In vitro antagonistic tests

Each isolate of P. lilacinum was in vitro assessed for their antagonism towards N. aberrans
eggs employing the direct dual confrontation method using the following two culture techniques
simultaneously: 1) in plates and 2) on slides:

1) In plates (@ = 5 cm) containing water agar (1 %) supplemented with chloramphenicol (1
g/L). Equal amounts (10 pL) of the suspension of N. aberrans eggs and of the conidial suspension
of each of the fungal isolates were spread onto the agar. Plates containing N. aberrans eggs or with
each isolate were used as controls. Each treatment was conducted in triplicate. Plates were
incubated at 28 + 1 °C and observed daily using a stereoscopic microscope for a week.

The variables analyzed were: hatching percentage = 100 x juveniles / (juveniles + eggs), and
infected eggs percentage = 100 x infected eggs / (total of eggs). Infected eggs were considered as
the proportion of eggs which were totally invaded by fungal hyphae with the embryonic or larval
content disintegrated.

2) On slide cultures: three segments of 1 % water agar (1 for each isolate) of approximately 2
cm x 2 cm on a side were placed onto a sterile glass slide, inoculated as mentioned for the above
technique and cultured in wet chambers (Mubyana-John & Wright 2011). Each glass slide was
placed on a V-shaped glass rod as a stand in a Petri plate (@ = 90 mm) containing a filter paper
moistened with sterile distilled water. Each block was used for the microscopic observation and for
capture of photographic images after stopping the infection process by adding some drops of
Amman lactophenol blue solution (1%)

Statistical analysis

Antagonistic tests using the three fungal isolates simultaneously were repeated three times
and data shown are average of triplicates + SD. Statistical analysis of the tests was performed using
the Infostat statistical software (Di Rienzo et al. 2008). Data (in percentage) were subjected to arc-
sine transformation and analyzed according to standard procedure for analysis of variance
(ANOVA) and Tukey’s multiple comparison tests.

Results

After 18 h of cultivation, conidia germination for the three isolates of P. lilacinum ranged
from 87 to 100 % whereas after 24 h, it accounted for 100 %. It should be noted that the suspension
of N. aberrans eggs used as inoculum contained eggs at different stages of embryonic development
(Figs 1, 2). Also, some “empty” eggs were observed, probably due to previous hatching and/or
anomalies in their development. The initial hatching percentage ranged from 3.3 to 7.9 %.

In vitro tests revealed that the three P. lilacinum isolates show antagonism against N.
aberrans eggs, regardless their embryonic stage. The morphological changes microscopically
visualized (100x and 400x%) varied with time course of the interaction experiments and were similar
for the three fungal isolates evaluated. However, these changes were not uniform due to the
characteristics of the egg suspension used. Eggs surrounded by hyphae were observed after 24 h
(Fig. 3a). After 48 h, the eggs showed signs of infection (Fig. 3b) whereas conidiophore
development and conidia production were detected between 48-72 h of culture. A high proportion
of eggs (75 to 86 %) showed variable signs of infection (Fig. 3c-d) while larval stages remained
normal (not seen in the photographs).

After 5 days, reproductive fungal structures were fully developed (Fig. 3e-f) whereas 80 to
100 % of the eggs were infected. It was observed that the infected eggs were highly invaded by
hyphae, vacuolated with deformed edges and with no observable remains of the embryo and/or
larva. Hatching remained within the initial levels and infected larvae were exceptionally detected.
No significant differences among the three isolates were observed in fungal activity with respect to
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hatching (p = 0.83) and parasitism (p = 0.36) under these test conditions. The hatching percentage
in control plates increased during the evaluation period of the cultures, with no signs of fungal

infection, showing significant differences as compared to the plates infected with the fungus (p =
<0.0001) (Table 1).

wl, 9

Fig. 1 — An egg mass of Nacobbus aberrans stained with Phloxine B. Scale bar: 200 um.
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Fig. 2 — Nacobbus aberrans eggs used as inoculum. Scale bar: 200 um.
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Fig. 3 — Nacobbus aberrans eggs infected by Purpureocillium lilacinum LPSC # 876 stained with
lactophenol blue after different incubation times: a 24 h. b 48 h. ¢ 72 h. d 96 h. e 120 h. f 144 h.

Scale bar: 50 pm.

Table 1 In vitro antagonism of Purpureocillium lilacinum isolates to Nacobbus aberrans eggs.

Isolate Test Eggs parasitized (%) Egg hatch rate (%)
Average | Minimum | Maximum | Average | Minimum | Maximum
P. lilacimun LPSC #876 | 1 87+ 42 84 91 6+42 2 10
2 92 + 6° 87 98 5142 0 7
3 96 + 42 93 100 0 0 0
P. lilacimun Ls 1 84 + 32 80 85 9+42 7 14
2 87 + 22 84 89 9+28 7 11
3 91 + 52 86 97 12 0 1
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Table 1 Continued.

Isolate Test Eggs parasitized (%) Egg hatch rate (%)
Average Minimum | Maximum | Average | Minimum | Maximum
P. lilacimun Pv 1 83 +1¢° 82 84 6+ 12 5 7
2 90 + 9° 85 100 5+ 22 2 7
3 85 + 42 80 88 12 0 2
Control 1 - - - 73+20 |71 75
2 - - - 66+3° |63 69
3 - - - 65+8° |60 75

Values in the same column followed by the same letter are not significantly different.

Discussion

Nacobbus aberrans is a phytonematode geographically restricted. Its life cycle begins with
eggs laid in a gelatinous matrix (up to = 800 per ME) and is completed after 30-100 days depending
mainly on temperature. Nematodes’ eggs can persist in the soil for long periods of time and hatch
in a response to environmental stimuli, such as temperature, moisture, etc. (Manzanilla Lopez et al.
2002). The egg-parasitic fungi are the most promising candidates as biocontrol agents of
phytonematodes due to the fact that their most important biological activity is exerted on one of the
most resistant stages of the nematodes’ life cycle; in addition, they are also the most efficient in
reducing nematode populations (Capparelli Cadioli et al. 2007).

Since the first report on an ovicidal fungus (Kiihn 1877), there have been a large number of
studies and evaluations of P. lilacinum as potential biological control agent of different species and
genera of nematodes (Siddiqui & Mahmood 1996). The three fungal isolates evaluated here were
obtained from environments associated with the natural presence of eggs of diverse soil nematodes.
P. lilacinum LPSC # 876 was isolated from the soil of a public place contaminated with T. canis
eggs, a nematode of dogs, which usually results on a zoonotic infection (toxocariosis). On the
contrary, P. lilacinum Ls and Pv were isolated from an agricultural soil where plant parasitic
nematodes predominate. In the present work, we attempted to evaluate if this substantial difference
in the origin of the isolates could affect their antagonistic effect onto N. aberrans eggs considering
their potential as biocontrol agents.

As far as the authors are aware, the available literature does not include in vitro interaction
studies between P. lilacinum and N. aberrans eggs. Therefore, for the discussion we have chosen
those already published results we considered as the most similar in relation to experimental
conditions, organisms used, etc.

Conidial viability is one of the quality parameters used to evaluate the potential of a fungal
preparation as a biological control agent. A fungal biopesticide of good quality should have a high
concentration of viable conidia. In our case, conidia from the tested isolates germinated within 18
to 24 h in good accordance with NUfiez-Camargo et al. (2012).

In our study, antagonistic activity towards the N. aberrans eggs was observed in the three
isolates analyzed. In general, the antagonistic activity (determined by the number of infected eggs)
increases with time course of the experiment in well accordance with the results of others authors
(Holland et al. 1999, Vergara Alzate et al. 2012). However, it should be taken into account that an
extremely prolonged experimental time may alter the interpretation of the results. Some changes in
the organisms studied may depend on the experimental conditions: duration of the test, high
temperatures, loss of substrate moisture, absence of the host organism, presence of toxic
compounds in the environment, etc. (Moosavi et al. 2010, Vergara Alzate et al. 2012).

The ME of N. aberrans contains eggs in all stages of embryonic development indicating that
the oviposition period is prolonged. Our results showed that under the laboratory conditions used,
P. lilacinum acts against all stages of embryonic development (including those containing formed
juveniles) in agreement with most of the experimental references considered (Holland et al. 1999,
Dong & Zhang 2006, Nufiez-Camargo et al. 2012). Pau et al. (2012) also observed that the eggs
were more sensitive during the initial developmental stages. However, in our case, this is difficult
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to confirm since we do not know the exact period of embryonic development in which the eggs are
besides hatching is highly dependent on temperature. The activity against any of the embryonic
stages is regarded as a good characteristic for a potential biocontrol agent since its action would be
prolonged in time along with the differential development of the eggs (Holland et al. 1999).

Although the experimental conditions are comparable but not the same, different authors
conclude that P. lilacinum is a fungus with an important ovicidal activity and that under certain
circumstances it can also parasitize other stages of the nematode’s life cycle (Holland et al. 1999,
Sun et al. 2006, Bhat et al. 2009, Nufiez-Camargo et al. 2012, Pau et al. 2012, Vergara Alzate et al.
2012). Holland et al. (1999) proposed that the fungal infection of the larval stages may not be
significant since a long period of their life occurs inside the plant tissues, where they are protected
from the fungal activity. However, some juvenile stages of N. aberrans act as resistant stages (and
may persist a long time in the environment). On the other hand, some researchers have
demonstrated that P. lilacinum behaves as an epiphyte and as an endophyte (Bhat et al. 2009). In
this context, the study of the behavior of P. lilacinum onto juvenile stages of N. aberrans should be
further studied.

Purpureocillium lilacinum LPSC # 876, Ls and Pv demonstrated high and significant
parasitism on N. aberrans eggs as compared to control but no significant among themselves. For
the three isolates evaluated the percentage of egg-infection was close to 80-100 % in good
agreement with other reports. In a research study conducted in Spain the in vitro activity of
phytonematode egg-parasitic fungi was compared under different conditions. Paecilomyces
lilacinus showed the highest pathogenicity (100 % of infected eggs) and the highest severity (ca. 40
penetrating hyphae/egg) (Olivares-Bernabeu & Lopez-LLorca 2002). Sun et al. (2006) evaluated
the antagonistic potential of different fungi associated with Meloidogyne spp. eggs. The most
frequently isolated fungus was P. lilacinus with 100 % of parasitism towards eggs in the
pathogenesis tests. Capparelli Cadioli et al. (2007) analyzed the parasitism of 31 isolates of P.
lilacinus towards M. paranaensis eggs and reported that the percentages of parasitism ranged from
56.0 to 98.7%. Moosavi et al. (2010) conducted in vitro studies using strains of other ovicidal
fungi, Pochonia spp., against M. javanica eggs. The percentage of pathogenicity ranged from 39 to
95 % of infected eggs. The range observed in the percentage of infected eggs indicated differences
in the pathogenicity of the strains. Pau et al. (2012) studied the antagonistic activity of the native
isolates of P. lilacinus against different stages of M. incognita. The parasitism against the eggs was
significant: 78.5, 73.4 and 66 % for Paecilomyces PLA, PLM and PLB, respectively, and no
differences among them were observed. Vergara et al. (2012) studied the in vitro effect of P.
lilacinum PI-11 and Pochonia chlamydosporia var. catenulata, both in their commercial form, on
Radopholus similis. The infection degree of the eggs increased from 24 h to 120 h (final evaluation)
reaching 79 and 85 % of infection for P. lilacinum and P. chlamydosporia, respectively. Nufiez-
Camargo et al. (2012) isolated local fungi associated with Globodera rostochiensis and evaluated
the pathogenicity of P. lilacinum towards eggs and juveniles of the parasite. The authors studied the
infection process for 5 days and reported 100 % mortality of infected eggs and juveniles J1 after
this period.

In this study, egg hatch was not significantly different among the three isolates evaluated but
significant with the control (65-73 %). This result may be considered analogous to some above
mentioned investigations (Sun et al. 2006, Pau et al. 2012). Khan et al. (2004) treated M. javanica
eggs with protease, chitinase (enzymatic complex) and a mixture of both enzymes, all of them
partially purified from a liquid culture of P. lilacinus 251. These authors observed that the
enzymatic activity of the fungus (protease and chitinase enzymes, either individually or in
combination) negatively affects embryogenesis, at any stage, preventing the J2 hatching process.

Some authors reported that the characteristics of the soil where the fungi were isolated might
determine variations in the antagonistic activity (Olivares-Bernabeu & LoOpez LLorca, 2002,
Capparelli Cadioli et al. 2007, Moosavi et al. 2010). However, in our investigation, non-significant
differences were observed among the P. lilacinum isolates analyzed (LPSC # 876, Ls and Pv)
obtained from soils with very different characteristics although from the same geographic region
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(similar edaphic and climatic conditions). It should be noted that the P. lilacinum Ls and Pv isolates
were obtained from samples of agricultural soils with natural infection with N. aberrans. In natural
environments, a fungus could show a higher degree of antagonism when it is adapted to the local
microflora of the phytoparasites and therefore it could reach a greater development, contributing to
the natural control of phytoparasites (Moosavi et al. 2010).

The fungal infection of phytonematode eggs occurs by means of mechanical pressure as well
as enzymatic digestion (Holland et al. 1999, Khan et al. 2004, Moosavi et al. 2010). Taking into
account the infection process of the eggs for the fungal isolates used and that the three isolates
evaluated are protease and chitinase producers (Gortari et al. 2014), it could be stated that they
present the same action mechanism suggested for the fungal strains used in the aforementioned
studies.

The three isolates studied could be considered as potential candidates for biological control of
root-knot nematodes. Nevertheless, it is necessary to further study some aspects in a wide range of
experimental conditions in the laboratory, greenhouse and field so as to determine their real
efficiency. However, in vitro studies may be a first step in the understanding of the events that are
part of the biological activity of antagonistic fungi. Success or failure of the biological control
agent application depends on several factors and their effect will be associated with a complex
interaction among the host plant — target nematode - soil - biological control agent - environment.
In this sense, the studies on P. lilacinum — N. aberrans — tomato interaction constitute an important
step for the understanding of the interaction and the evaluation of different management strategies
that reduce the environmental impact of the agrochemicals.
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