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ABSTRACT

SANTOS, Karenn Christiny Pereira, D.Sc., Universidade Federal de Vigosa, July,
2025. Volatile Modulation by Pochonia chlamydosporia (Hypocreales:
Clavicipitaceae) affects behavior of Phthorimaea absoluta ni (Lepidoptera:
Gelechiidae) and development in tomato plants. Adviser: Eraldo Rodrigues de
Lima. Co-adviser: Natdlia de Souza Ribas.

Phthorimaea absoluta is a key pest in tomato crops, and its females locate host
plants through the detection of plant-emitted volatile organic compounds (VOCs).
Changes in VOC profiles, such as those induced by microorganisms associated with
the plant, can influence insect attraction and performance. In this study, we evaluated
the impact of the endophytic fungus Pochonia chlamydosporia (isolate Pc10),
associated with the roots of tomato plants (Solanum lycopersicum var. Santa Cruz),
on VOC emission, attraction to P. absoluta females, and offspring development.
Volatile compounds were collected from the aerial parts of control and fungus-
inoculated plants and analyzed using gas chromatography coupled with
electroantennographic detection (GC-EAD). Antennal responses were quantified, and
bioactive compounds were identified using the Kovats retention index and reference
standards. Additionally, oviposition preference assays and insect development tests
were conducted under controlled conditions. We identified 23 VOCs in control plants
and 17 in inoculated ones, with higher concentrations of p-cymene and salicylic acid
in fungus-treated plants. Compounds such as a-pinene, B-myrcene, and p-cymene
elicited antennal responses in P. absoluta, with a-pinene being the most intense in
the synthetic blend tests. Females preferred to oviposit on control plants, and the
presence of the fungus reduced the development time of the egg and larval stages.
Our results indicate that P. chlamydosporia can modulate multitrophic interactions
between plants and herbivores by altering the composition of bioactive volatiles,
reducing host attractiveness, and affecting pest development. These findings
highlight the potential of this endophytic fungus as a complementary tool for
sustainable management strategies against the tomato leafminer.

Keywords: VOCs; Semiochemicals; endophytism; IPM



RESUMO

SANTOS, Karenn Christiny Pereira, D.Sc., Universidade Federal de Vigosa, julho de
2025. Modulacao de volateis por Pochonia chlamydosporia (Hypocreales:
Clavicipitaceae) em plantas de tomate afeta comportamento e desenvolvimento
de Phthorimaea absoluta (Lepidoptera: Gelechiidae). Orientador: Eraldo
Rodrigues de Lima. Coorientadora: Natalia de Souza Ribas.

Phthorimaea absoluta € uma praga-chave dos cultivos de tomate, cujas fémeas
localizam o hospedeiro por meio da deteccdo de compostos organicos volateis
(COVs) emitidos pelas plantas. Alteracées no perfil desses compostos, por exemplo
induzidas por microrganismos associados a planta, podem modificar a atratividade e
o desempenho da praga. Neste estudo, avaliamos como a presenca do fungo
endofitico Pochonia chlamydosporia (isolado Pc10), associado as raizes de plantas
de tomate Solanum lycopersicum (var. Santa Cruz), afeta a emissao de volateis, a
atratividade para fémeas de P. absoluta e o desenvolvimento da prole. Foram
realizadas coletas, identificacdo e quantificacdo de volateis da parte aérea de
plantas controle e plantas inoculadas com o fungo, seguidas de analises por
cromatografia gasosa acoplada a eletroantenografia (GC-EAD). As respostas
eletrofisiologicas das antenas foram quantificadas, e os compostos bioativos
identificados por indice de retencdo de Kovats e padrdes de referéncia.
Adicionalmente, conduziram-se bioensaios de preferéncia para oviposicdo e testes
de desenvolvimento em condi¢cbes controladas. Identificamos 23 COVs nas plantas
controle e 17 nas plantas inoculadas, com maior concentracdo de p-cimeno e acido
salicilico nas plantas com o fungo. Compostos como a-pineno, B-mirceno e p-cimeno
induziram resposta nas antenas de P. absoluta, sendo o a-pineno 0 mais intenso no
teste com mistura sintética. As fémeas preferiram ovipositar em plantas controle, € o
fungo reduziu o tempo de desenvolvimento dos estagios imaturos. Os resultados
indicam que P. chlamydosporia pode modular a interacao multitrofica entre planta e
inseto via alteragdo dos volateis emitidos, reduzindo a atratividade e afetando o
desenvolvimento do inseto. Esses achados destacam o potencial do fungo como
agente complementar em estratégias de manejo integrado da traca-do-tomateiro.

Palavras-chave: VOCs; Semioquimicos; endofitismo; MIP.
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General Introduction

The tomato leafminer Phthorimaea absoluta is a major pest of tomato crops
worldwide (Urbaneja et al. 2009; Santana et al. 2019; Idriss et al. 2020; EPPO, 2024;
Desneux et al. 2021; Yuan et al. 2024). The tomato leafminer causes significant
losses in tomato crop productivity by creating mines in the leaves, which
compromises photosynthesis, and by making galleries in the fruit, rendering it
unsuitable for sale (Urbaneja et al. 2009; Santana et al. 2019; Idriss et al. 2020).

Volatile organic compounds (VOCs) emitted by plants modulate the behavior
of herbivorous insects, natural enemies, and even neighboring plants, through a
sensitization effect (Dudareva et al., 2013; Berilli et al., 2019). When attacked by
insects, plants can release a mixture of volatile compounds, which can serve as
olfactory signals for parasitoids or inhibit oviposition or insect development (Hilker &
Fatouros, 2015). The VOCs emitted by tomato plants are the main mediators in P.
absoluta decision-making when choosing its host (Proffit et al., 2010; Arce et al.,
2017; Miano et al., 2022).

Microorganisms that modulate plant metabolism, causing alterations in volatile
organic compounds, can be produced (Schulz-Bohm et al., 2017). These interactions
that occur between organic and aerial organisms are mediated by volatile organic
compounds (VOCs), essential for ecosystem functioning (Turlings & Erb, 2018). The
analysis of these compounds is fundamental for understanding how plants and
insects interact chemically and, consequently, in the development of sustainable

management planning strategies (Bruce & Pickett, 2011).

Pochonia chlamydosporia is a fungus used as a biological control agent
against nematode pests in soybean and tomato crops. Recent research has reported
its role in inducing systemic resistance and modulating the profiles of volatile organic
compounds (VOCs) produced by plants (Escudero et al., 2016; Ghahremani et al.,
2019). Pochonia chlamydosporia is a root-dwelling endophytic fungus that, in
association with roots, can alter the emission of bioactive VOCs. This will potentially
affect interactions with herbivores and their natural enemies in the aerial parts of the
plant. These characteristics give P. chlamydosporia the potential to act as an agent

in integrated pest management.

The interaction between P. chlamydosporia, tomato plants, and P. absoluta

represents a model system for studying the ecological consequences of
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microorganism-induced alterations in plant volatile compounds. The study of these
multitrophic interactions allows for an understanding of chemical ecology and the
development of innovative and sustainable strategies for pest control (Fatouros et
al., 2016; Ghahremani et al., 2019). Thus, the objective of this work was to identify
the variables that modulate the interaction involving an endophytic fungus, a tomato
plant, and a specialist herbivore, as well as the potential applications of this

association.
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Chapter 1

Does inoculation of Pochonia chlamydosporia on Solanum
lycopersicum tomato plants improve the resistance against the tomato borer

Phthorimaea absoluta?
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SANTOS, Karenn Christiny Pereira, D.Sc., Federal University of Vigosa, july de
2025. Influence of the inoculation of Pochonia chlamydosporia (Hypocreales:
Clavicipitaceae) on Solanum lycopersicum tomato plants in resistance against
the tomato borer Phthorimaea absoluta (Lepidoptera: Gelechiidae). Adviser:
Eraldo Lima. Co-adviser: Natalia de Souza Ribas

Abstract

Pochonia chlamydosporia is a root endophytic fungus that promotes plant growth
without causing damage to the host plant. The presence of this fungus in plant roots
can induce changes in plant metabolism, influencing both the oviposition choices of
herbivorous insect females and their subsequent development. Therefore, our
objective was to study how the presence of the endophytic fungus P. chlamydosporia
in the roots of tomato plants (Solanum lycopersicum L.) affects the production of
volatiles released by these plants, the attractiveness to the specialist herbivore
(Phthorimaea absoluta), and its development. For this, we collected the headspace
volatiles from the aerial parts of control plants and plants inoculated with P
chlamydosporia. Additionally, we evaluated the effect of the fungus on the oviposition
choice of P. absoluta females. We also assessed the effect of oviposition and
inoculation of P. chlamydosporia on the development of P. absoluta offspring at all
stages (egg, larva, pupa, and adult). As a result, we identified 23 volatile organic
compounds in control plants and 17 compounds in plants inoculated with P.
chlamydosporia. Among them, the compounds p-cymene and salicylic acid, which
are important for defense against herbivorous insects, had higher average
concentrations in plants infected with P. chlamydosporia. We observed that P.
absoluta females prefer to oviposit on clean plants, without the presence of the
fungus. The presence of the fungus also reduced the development time of the egg
stage and the total larval time. Therefore, tomato plants infected with the endophytic
fungus P. chlamydosporia can influence the host choice of P. absoluta females, as
well as the development of their offspring. The change in the composition of tomato
volatiles and the decrease in P. absoluta oviposition, as demonstrated in this work,
may be important for the development of new control techniques for the tomato
leafminer, particularly in association with integrated pest management of this pest.
Keywords: Endophytism; insect-microorganism interaction; tritrophic interaction;

plant volatiles.
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1. Introduction

Plants use extremely specialized defense mechanisms to withstand biotic and
abiotic stressors. These defense mechanisms can be chemical, involving the
production of volatile compounds and secondary metabolites, or physical, such as
the presence and density of trichomes (Karban & Myers, 1989; Schoonhoven et al.
2005; Agrawal, 2010; Arimura, 2021). One of the main stimuli for triggering these
defensive reactions is contact with herbivorous insects, like pest insects (Mahanta et
al. 2025).

One of the defense strategies has become the establishment of symbiotic and
beneficial relationships with the microbiome in which the plant is embedded. In
addition to potentially exhibiting pesticidal activity, the microorganisms act as
antagonistic agents (Kumar et al. 2008; Zappala et al. 2013; Tolba et al. 2021). The
chemical compounds present in this system can be employed as tools in various
fields, including agriculture (Mattoo et al. 2021). Endophytic fungi are a successful
example of this symbiotic interaction. These soil microorganisms can promote plant
growth by providing nutrients and assisting in pest and disease control (Kumar &
Kaushik, 2013; Mattoo et al. 2021).

By promoting allelochemicals like secondary metabolites, boosting the
synthesis of compounds like methyl salicylate and (Z)-jasmonate, and generating
compounds that inhibit or eradicate phytopathogens, the bioactive compounds
involved in the establishment of endophytes are produced (Kobayashi, 2015; Eng et
al., 2018). The volatile organic compounds (VOCs) released by plants can also be
altered by soil microorganisms, creating what are known as microbe-induced plant
volatiles (MIPVs) (Sharifi et al., 2018). Therefore, interactions among herbivorous
insects, plants, and endophytes can affect their performance and preference (Oki et
al., 2009; Arce et al., 2017).

Because of its high nematode biocontrol (e.g., of the genus Meloidogyne) and
ability to promote plant growth without endangering the host plant, Pochonia
chlamydosporia is a root endophytic fungus that is frequently used in tomato and
soybean crops (Escudero & Lopez-Llorca, 2012; Kozyrovska, 2013; Larriba et al.,
2015; R.R. Coutinho et al.,, 2021). For instance, using certain isolates of P.
chlamydosporia (Pc-3, Pc-10, and Pc-19) increased leaf mass by 100% to 330% in a

study by Dallemole-Giaretta et al. (2015) using tomato and lettuce cultivars.
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Additionally, P. chlamydosporia's endophytism in tomato plants allowed for the
expression of gene regulators linked to plant defense (Pentimone et al., 2018; Rosso
et al., 2023), as well as inducing changes in metabolism and defense response
(Ludwig-Muller et al., 2015; Gouveia et al., 2023).

Insect females use volatile organic compounds (VOCs) emitted by plants to
navigate and locate the host where they will lay their eggs (Proffit et al. 2011; Arce et
al. 2017). This decision is crucial for herbivorous insect females because it will be
the food source for their offspring and, as a result, will influence the growth and
survival of their descendants (Jaenike, 1978). Therefore, the interaction between
endophyte, plant, and insect may have potential for controlling pest herbivores, both
by influencing the choice of host plant and by affecting the development of the
offspring.

The tomato leafminer, Phthorimaea absoluta (Meyrick, 1917) (Lepidoptera:
Gelechiidae), is one of the main pests of tomato plants worldwide, with records in 50
countries across the Americas, Africa, Europe, and Asia (Urbaneja et al. 2009;
Santana et al. 2019; Idriss et al. 2020; EPPO, 2024; Desneux et al. 2021; Yuan et al.
2024). The larvae of P. absoluta primarily feed on the leaves of the plants, which can
result in production losses of up to 100% (Biondi et al. 2018; Desneux et al. 2021).
Chemical control is one of the most commonly used methods for its management,
but the excessive use of insecticides has led to resistance in the pest and
environmental impacts (Guedes et al. 2019). Therefore, there is a need to study and

develop other methods.

Due to physiological changes brought on by the fungus's endophytism, P.
chlamydosporia's interaction with tomato plant roots, for instance, may change the
profile of volatile organic compounds (VOCs) that the plant releases and the
attractiveness of P. absoluta females. The volatiles released during this interaction
between the fungus and the tomato plant, as well as the consequences for a
specialized herbivore like the tomato leafminer, are still unknown. Induced defense
mechanisms expressed in the released volatile organic compounds may be
discovered through a more thorough prospecting of the compounds involved in these

interactions.

Given that soil microorganisms, such as endophytic fungus, can cause

chances on plants metabolism and defense response, we hypothesize that: i) the
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presence of an endophytic fungus alters the VOC profile in plants; and consequently,
i) females of an specialist herbivore will prefer to oviposit on plants without the
presence of this fungus. Thus, our objective was to study this trophic interaction,
using the system: tomato plants Solanum lycopersicum, the fungus Pochonia
chlamydosporia (isolated Pc10), and the specialist herbivore Phthorimaea absoluta,
to determine possible compounds involved in this interaction and how these

compounds can affect the behavior and development of this herbivore.
2. Methodology
2.1 Rearing of Phthorimaea absoluta

Leaves containing larvae and leaves containing eggs of Phthorimaea absoluta
were obtained from the rearing colony of the Integrated Pest Management
Laboratory at the Federal University of Vigosa (UFV), MG - Brazil, and placed in
wooden cages (46x46x46cm) covered with organza to start the colony.
Subsequently, the establishment and maintenance of the P. absoluta colony were
carried out at the Laboratory of Semiochemicals and Insect Behavior at UFV. Fresh
tomato leaves were placed in the cages to feed the larvae, allowing them to
complete the larval cycle until the pupal stage. The pupae were manually removed
from the leaves, placed in Petri dishes, and transferred to acrylic cages (30 x 30 x 30
cm) for adult emergence. Adults were fed ad libitum with a 10% sugar solution
soaked in cotton, and fresh tomato leaves were provided in the cages for females to
oviposit. The P. absoluta population is maintained in a rearing room at 25 + 2 °C,
with a photoperiod of 12:12 (light: dark) and 70 £ 5% relative humidity (RH).

2.2 Tomato Plants

Tomato plants (Solanum lycopersicum L.), var. Santa Cruz, where both the
rearing of P. absoluta and the aeration and oviposition preference experiments were
conducted. For the plants used in the rearing of P. absoluta, seedlings were obtained
by sowing in plastic trays containing vegetable substrate (MecPlant®). The trays
were placed in a germination chamber (TE-4000/1) with a photoperiod of 12h:12h
(light:dark), at a temperature of 25°C and relative humidity of 75% * 5%. After 10-15
days, seedlings with two true leaves (the second pair of expanding leaves, in
addition to the cotyledonary leaves) were transplanted into 3L pots containing

vegetable substrate (MecPlant). These were grown in a greenhouse at 25 + 2°C, 70
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+ 5% relative humidity, and supplemented with a fertilizer solution containing NPK
4:14:8 (~16 g/pot) and single superphosphate (~8 g/pot) supplied every 7 days.

For the oviposition preference, development, and volatile organic compound
collection experiments, 10 to 15 day old tomato seedlings were transplanted into 300
mL pots containing soil formed by mixing sand and red latosol (1:1 ratio). The sail,
previously sterilized at 120°C for 2 hours (Zauza et al. 2007) to isolate the effect of
the fungus on the plant, was moistened daily for at least 3 days before transplanting
to make it suitable for receiving the plants. After transplanting, the plants were
divided into two treatments: (I) plants with roots inoculated with the Pc10 isolate of P.
chlamydosporia (inoculated plants) and (ll) plants without fungus in the roots (control
plants). For root inoculation, two holes (@ ~1.5 cm and 2 cm deep) were made
around the plant stem, adding 5,000 chlamydospores of P. chlamydosporia per gram
of soil (Dallemole-Giaretta, 2008). Both inoculated and control plants were kept in a
Mammoth Elite 120 grow tent (120x120x215 cm), where internal conditions were
controlled, maintaining a temperature of 25 + 2°C, 70 + 5% relative humidity, and a
photoperiod of 12:12 (light: dark). The plants were watered as needed to keep the
soil moist and supplemented with NPK 4:14:8 (~0.4 g/pot) every 7 days. The
experiments began 40 days after fungal inoculation, a period during which the
fungus induces changes in plant defense-related phytohormones (Gouveia et al.,
2022).

2.3 Weight standardization of P. absoluta individuals and the obtaining

of mated females

The weight of P. absoluta individuals was determined based on pupal mass
(Muller et al., 2016). Pupae were sexed using external morphological characteristics
(Coelho & Franga, 1987; Geng, 2016) and weighed on an analytical balance
(Shimadzu AUW220D/Calibration: max. 220 g and min. 1 mg). The weight of the
pupae used ranged from 1.89 to 2.66 mg for males and from 2.10 to 3.43 mg for
females (Gongalves et. al. 2024). The weight range was established using 200
pupae of each sex to eliminate the effect of individual weight on the experiments.
Each pupa was individually placed in a 70 mL plastic cage (properly labeled), with
one end covered with organza to allow air circulation. The pupae were kept in a

rearing room under the same conditions described previously.
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Pairs of adults, placed in a 70 mL plastic cage, containing one female and one
male (both 2 days old), were formed, and mated females were used in the
oviposition tests. Mating occurred at the beginning of the photophase, which is the
calling (receptivity) period for females (Hickel et. al, 1992), lasting between 200 and

280 minutes.
2.4 Chlamydospores of Pochonia chlamydosporia

The P. chlamydosporia fungus (Pc-10 isolate) used in this study was obtained
from the fungal collection of the Laboratory of Biological Control of Phytonematodes
at UFV. To obtain chlamydospores of P. chlamydosporia, a solid medium composed
of 100 g of polished rice and 33 mL of distilled water (w/v) was used. The rice and
water were added to bags with a biological filter, which were then autoclaved for 20
minutes at 120°C. After reaching room temperature, the bags were carefully opened
in a laminar flow hood, and three discs (& = 9 mm) of potato dextrose agar (PDA)
medium containing structures of the P. chlamydosporia fungus were added.
Immediately after, the bags with the biological filter were closed and stored in a
growth chamber for 21 days at 28°C in the dark. After this period, the rice colonized
by the fungus was moistened with autoclaved water and manually macerated to
release the chlamydospores. The resulting material was poured over a container
with layers of gauze to separate the chlamydospores from the rice hulls, thus
obtaining a suspension containing P. chlamydosporia. Finally, with the aid of a
Neubauer chamber, the chlamydospores were quantified and the suspension was
calibrated so that the fungal concentration was adjusted to 5,000 chlamydospores
per gram of soil, a quantity sufficient for the good establishment of the fungus in the

plant and, once established, for it to be actively efficient (Dallemole-Giaretta, 2008).
2.5 Soil Plating with P. chlamydosporia

To confirm the establishment of the fungus in the soil after inoculation, the
number of colony-forming units (CFU) of the fungus was determined from the soil of
each pot (experimental unit) (g of soil per mL of diluent) (Monteiro et al. 2020). Thus,
1 g of soil was collected from each experimental plot and added to a 50 mL Falcon
tube containing 9 mL of water, previously autoclaved for 20 minutes at 120°C. This
dilution was designated as 10™'. Immediately after, the Falcon tubes containing the
107 dilution were shaken in a Vortex Mixer (KASVI basic K45-2820) for 60 seconds,
and a 100 pL aliquot was transferred to a 2 mL Eppendorf tube containing 900 uL of
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autoclaved water. This dilution was called 102 and was used to estimate the number
of CFUs of P. chlamydosporia in each experimental plot. After shaking the Eppendorf
tubes for 30 seconds, a 100 uL aliquot of the dilution was deposited and spread with
a Drigalski spatula on a Petri dish containing semi-selective medium for P
chlamydosporia (Gaspard et al. 1990). For each soil sample, 3 plates were used,
i.e., three replicates. Finally, the plates were kept in a growth chamber at 28°C for 7
days, after which the CFUs were counted. The count was performed by direct
observation of the plates, using a hand magnifying glass.

2.6 Headspace Volatile Collection and Chromatographic Analysis

Volatiles from the aerial parts of control plants (N = 6) and plants inoculated
with the fungus P. chlamydosporia (N = 6) were collected using the headspace
technique over a 24hour period. The plants were individually placed in cylindrical
glass chambers (37 cm high x 14 cm in diameter) with the soil surface covered by
aluminum foil (Arce et al. 2017). An air filter containing activated charcoal (1 L/min)
was introduced into the chamber, and volatiles were drawn out (0.5 L/min) and
trapped on 20 mg of HayeSep Q (80-100 mesh) (Analytical Research Systems,
Florida, USA). Subsequently, the volatiles were eluted in 200 yL of hexane. The
same procedure was used for all aeration tests. All collected samples were stored at
-18°C for later analysis using GC-MS.

For the analysis of the collected volatiles, a 24 L aliquot was taken from each
sample, and 1 pL of 1000 ng n-heptyl acetate standard was added, resulting in a
sample with 40 ng/uL of the internal standard. An aliquot was taken solely for the
quantification and identification of the compounds. The remaining sample was stored
for use in other experiments.

The volatile profile was obtained by injecting 1 pL of this sample into a gas
chromatograph coupled with a mass spectrometer (Shimadzu GCMS — QP2010 SE),
in splitless mode, Rix-5MS (Restek chromatography products), mode into a DB-5
column (30 m x 0.25 mm; df = 0.25 pym) using helium as carrier gas (170 kPA). The
temperature program used was the temperature starts at 35°C (held for 1 min),
followed by an increase of 8°C/min until reaching 280°C, which is held for 5 min. The
injector temperature was 250 °C. The identification and quantification of compounds
were performed using comparisons to the mass spectra of NIST 14s library spectra

and confirmed with the spectra of commercial standards.
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2.7 Oviposition Preference of P. absoluta

Plants from both treatments were placed in a wooden cage (56 x 56 x 56 cm)
covered with organza, separated diagonally by approximately 15 cm, and four mated
P. absoluta females were released into each cage for 24 hours. Afterwards, the
number of eggs was counted. Oviposition occurred in a room under controlled
conditions of temperature (25 + 2 °C), photoperiod (12:12, light: dark), and relative
humidity (70 + 5%). The females were released during the scotophase, which is the
oviposition period of P. absoluta (Proffit et al., 2011), in a room with the same
controlled conditions as previously described. The plants were acclimated in the test
room 24 hours before the experiments. In total, 15 control plants, 15 inoculated
plants, and 60 mated females were used.

2.8 Development of P. absoluta

Following the oviposition preference test, six plants from each treatment
(inoculated and control) were separated and placed in individual cages. The number
of eggs per plant was standardized to 5. The remaining eggs were removed with the
aid of a fine brush (no. 00). The standardization aimed to: (l) ensure sufficient food
for all larvae to complete their life cycle, (Il) avoid competition for food among
individuals, and (lll) achieve similar levels of damage in all plants (Arce et al., 2017).
Each plant was examined daily until the end of development. For each individual of
P. absoluta, the duration (in days) of each stage (egg, larva, pupa, and adult) was
recorded. The external morphology of the larval instars was previously observed to
identify the instars (L1, L2, L3, and L4) (Figure 1). After the larval stage, the pupae
were weighed on an analytical balance and individually placed in 70 mL cages to
monitor the time to adult emergence and subsequently observe adult longevity.

Thirty individuals were evaluated for each treatment (inoculated and control).
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Figure 1: Larval instar of the Phthorimaea absoluta. From left to right: L1, L2, L3, and L4.

2.9 Statistical Analysis

The oviposition preference data were analyzed using chi-square analysis. The
development data were analyzed using GLMs with a Poisson distribution, and least
squares averages (emmeans) were performed for paired comparison. The volatile
organic compound data were analyzed using GLMs with a Gaussian distribution, and
least squares averages (emmeans) were performed for paired comparison. All the
statistical analysis was performed using the software R (v. 4.0.0; R Development
Core Team, 2020).

3. Results

3.1 Soil Plating with P. chlamydosporia

The establishment of the fungus in the soil of the plants used was confirmed
in both the P. absoluta development experiment (n=6) and the oviposition preference
tests (n=15). The average number of colony-forming units (CFU) in the development
experiment was 4.56 x 10® CFU/g of soil, and in the preference tests, it was 2.91 x
10® CFU/g of soil.

3.2 Volatile Profile in Plants

A total of 23 volatile organic compounds were identified in the control plants,
and 17 compounds were found in the plants inoculated with Pochonia
chlamydosporia (Pc10 isolate) (40 days after inoculation) (Table 3). Among these
compounds, 13 were found in both treatments: a-pinene, [B-myrcene,
a-phellandrene, a-terpinene, p-cymene, B-phellandrene, -ocimene,

2,4-dimethyldecane, nonanal, dodecane, trans-B-caryophyllene,
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4,7-dimethylundecane, and salicylic acid. Additionally, nine compounds were found
only in the control plants: 2-carene, hexanal, sabinene, pentane, y-terpinene,
a-terpinolene, acetic acid, decanal, and &-elemene. Furthermore, only one
compound was identified exclusively in the plants with P. chlamydosporia, which was
terpinene (Table 1).

We identified differences in the mean concentrations of the compounds
between the control plants and the plants inoculated with the fungus (F = 9.9; df =
11,115; P < 0.001) (Table 1). Among the compounds found in both treatments, only
p-cymene and salicylic acid had lower mean concentrations in the control plants and
higher concentrations in the plants containing P. chlamydosporia (Table 1). For all
other shared compounds, the mean concentrations were higher in the control plants

than in those containing the fungus (Table 1).
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Table 1. Mean of concentration (ng/ul) of volatile organic compound identity of control plants and plants inoculated with Pochonia chlamydosporia (Isolate

Pc10), after 40 days of inoculation.

Reference Chemical Mean Concentration * Supplier/ Purity/
N°  Treatment Compound Rl Rl
(literature) Class SD (ng/p) Provided by* Concentration*
Pochonia Hydrocarbon
] Nonane 906 900  Adams. 2017 0.363 £ 1.01 - -
chlamydosporia (alkane)
Pochonia ] NIST WebBook, o 40ng/pL (diluted in
2 ) a-Pinene* 946 939 Monoterpene 2.257 +1.120 Esalq - Piracicaba
chlamydosporia 2023 hexane)
Pochonia
3 ) B-Myrcene* 990 988 Adams, 2017  Monoterpene 0.134 + 0.091 SIGMA - ALDERICH 90%
chlamydosporia
Pochonia 30ng/pL (diluted in
4 4-Carene* 1017 1011 Adams, 2017 Monoterpene 21.828 + 5.60 -
chlamydosporia hexane)
Pochonia 40ng/pL (diluted in
5 ~0o-Phellandrene 1021 1005 Adams, 2017  Monoterpene 5.097 £1.23 Max Plank - Holanda
chlamydosporia hexane)
Pochonia NIST WebBook,
6 ] a-Terpinene 1035 1017 Monoterpene 1.973 £ 0.99 - -
chlamydosporia 2023
Pochonia Aromatic
7 p-Cymene* 1045 1026 Adams, 2017 0.870 £ 0.55 SIGMA - ALDERICH 99%
chlamydosporia monoterpene
Pochonia 40ng/uL (diluted in
8 B-Phellandrene 1051 1033 Adams, 2017  Monoterpene 76.203 + 21.07 Max Plank - Holanda

chlamydosporia

hexane)
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Pochonia NIST WebBook,
) B-Ocimene* 1069 Monoterpene 0.333+£0.16 SIGMA - ALDERICH 90%
chlamydosporia 2023
Hydrocarbon
Pochonia 2,4-Dimethyl
10 ] 1077 - - (branched 0.711£0.32 - -
chlamydosporia decane
alkane)
Hydrocarbon
Pochonia 4,7-Dimethyl
11 1124 - - (branched 0.450 £ 0.36 - -
chlamydosporia undecane
alkane)
Pochonia Lab. Semioquimicos - 20ng/uL (diluted in
12 ] Nonanal* 1129 1100 Adams, 2017 Aldehyde 1.007 £ 0.69
chlamydosporia UFV hexane)
Pochonia NIST WebBook, Hydrocarbon Lab. Semioquimicos - 30ng/pL (diluted in
13 Dodecane* 1230 1200 1.208 £ 0.14
chlamydosporia 2023 (alkane) UFV hexane)
Pochonia Hydrocarbon
14 ) Tridecane 1338 1300 Adams, 2017 5.689 + 1.58 - -
chlamydosporia (alkane)
Pochonia NIST WebBook, ) o 40ng/uL (diluted in
15 _ B-Caryophyllene 1488 1418 Sesquiterpene 2.578 +1.03 Esalq - Piracicaba
chlamydosporia 2023 hexane)
Pochonia NIST WebBook,
16 Salicylicacid 2007 2015 Aromatic acid 11.622 £ 3.84 - -
chlamydosporia 2023
) o 40ng/uL (diluted in
1 Control a-Pinene* 944 939 Adams, 2017  Monoterpene 9.575 + 4.055 Esalq - Piracicaba
hexane)
NIST WebBook, o 40ng/pL (diluted in
2 Control Hexanal* 968 801 Aldehyde 0.396 +£ 0.222 Esalq - Piracicaba

2023

hexane)



10

11

12

13

14

15

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Control

Sabinene*

B-Myrcene*

2-Carene*

a-Phellandrene

a-Terpinene

p-Cymene*

B-Phellandrene

B-Ocimene

2,4-Dimethyl

decane

y-Terpinene*

(Z2)-Caren-ol

Nonanal*

Acetic acid*

987

1004

1016

1020

1034

1044

1050

1068

1076

1080

1120

1128

1141

969

988

1012

1005

1017

1026

1033

1050

1062

1130

1100

1450

Adams, 2017

Adams, 2017

Adams, 2017

Adams, 2017

NIST WebBook,

2023

Adams, 2017

Adams, 2017

NIST WebBook,

2023

Adams, 2017

Pherobase

Adams, 2017

NIST WebBook,

2023

Monoterpene

Monoterpene

Monoterpene

Monoterpene

Monoterpene

Aromatic

monoterpene

Monoterpene

Monoterpene

Hydrocarbon
(branched

alkane)
Monoterpene

Monoterpene

(alcohol)

Aldehyde

Carboxylic
acid

0.389 +0.164

1.236 + 0.426

41.873 + 17,646

10.818 + 3.535

16.841 + 26.797

0.623 + 0.468

155.867 +43.979

0.551 £ 0.200

0.807 £ 0.630

0,698 + 0,168

1.828 + 1.082

2.103 +1.932

0.516 + 0.442

SIGMA - ALDERICH

SIGMA - ALDERICH

Max Plank - Holanda

SIGMA - ALDERICH

Max Plank - Holanda

SIGMA - ALDERICH

SIGMA - ALDERICH

Max Plank - Holanda

27

75%
90%

30ng/pL (diluted in

hexane)

99%

90%

98,50%

20ng/pL (diluted in
hexane)

30ng/uL (diluted in
hexane)



16

17

18

19

20

21

22

Control

Control

Control

Control

Control

Control

Control

Dodecane*

Decanal

4,7-Dimethyl
undecane

Tridecane

0-Elemene

-Caryophyllene

Salicylic acid

1229

1239

1313

1337

1389

1487

1405

NIST WebBook, Hydrocarbon
2023 (alkane)

1208 Adams, 2017 Aldehyde

Hydrocarbon
- - (branched

alkane)

Hydrocarbon
1300 Adams, 2017
(alkane)

1339 Adams, 2017 Sesquiterpene

NIST WebBook,
1418 Sesquiterpene
2023

NIST WebBook,
2015 Aromatic acid
2023

2.268 +2.203

1.431 £ 1.194

1.335 £ 1.237

13.780 + 14.970

4.562 + 2.828

3.659 + 1.502

2.167 £1.752

Esalq - Piracicaba

28

30ng/uL (diluted in
hexane)
10ng/pL (diluted in

hexane)
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3. Preference of oviposition P. absoluta

Phthorimaea absoluta females prefer to oviposit on control tomato plants
(without Pochonia chlamydosporia, 40 days after inoculation) (X?= 211.1; df= 14, p<
0.001). On average, 41.2 eggs were laid on control plants (N=15) and 21.53 eggs on
plants with P. chlamydosporia (Figura 2).
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Figure 2. Average egg proportion of Phthorimaea absoluta in control plants (green bars) (N=15) and

plants inoculated with Pochonia chlamydosporia (I1solate Pc10) (N=15) (orange bars), after 40 days of

*kk

inoculation. The p-value was obtained through a Chi-square analysis. indicates a significant

difference between treatments (p< 0.001).

3.4 Development of P. absoluta

Overall, the presence of Pochonia chlamydosporia in tomato plants had an
impact on larval development (Figure 3). Larvae had a higher mean number of days
in these stages on control plants than on plants with P. chlamydosporia L1 (F = 40.5;
df = 1,58; P < 0.001) and L2 (F = 99.5; df = 1,58; P < 0.001). The opposite was
observed for L3 larvae, which had a higher mean number of days in this stage on
plants with P. chlamydosporia compared to control plants (F = 22.2; df = 1,58; P <

0.001). When analyzing the total larval period, we observed that the mean number of
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larval days was higher on control plants than on those with P. chlamydosporia (F =
22.5; df = 1,58; P < 0.001). Our treatments did not affect the duration of the L4 larval
stage (F = 3.9; df = 2,58; P = 0.054).

E Control plants

|:| Plants with P. chlamydosporia (Pc10)
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Larval development of Phthorimaea absoluta

Figure 3. Average duration (in days) of larval development (L1, L2, L3, L4 stages, and total larval
period) of Phthorimaea absoluta individuals (N=30) on control plants (green bars) and plants
inoculated with Pochonia chlamydosporia (orange bars). P-values were generated through a
generalized linear model (Gaussian family). *** indicates a significant difference between treatments
(p< 0.001); NS indicates not significant.

The presence of Pochonia chlamydosporia in the plants also affected the
stationary developmental stages, egg, and pupa. The mean number of days in the
egg stage was higher in the control treatment than in the treatment with the fungus
(F = 4.5; df = 1,58; P < 0.05) (Figure 4A). On the other hand, the mean number of
days in the pupal stage was greater in insects that fed on plants with the fungus than
in those on control plants (F = 19.8; df = 1,38; P < 0.001) (Figure 4B). The presence
of the fungus did not affect pupal weight (F = 1.3; df = 1,37; P = 0.3). In addition, it
did not affect adult longevity (F = 0.008; df = 2,53; P = 0.9) (Figure 4C), nor the total
development time (in days) of the insects (F = 1.7; df = 2,53; P = 0.2) (Figure 4D).
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Figure 4. Average duration (in days) of stationary stages, egg (A) and pupa (B) of Phthorimaea
absoluta individuals (N=30) on control plants (green bars) and plants inoculated with Pochonia
chlamydosporia (orange bars); adult longevity (C) and total development time (D). P values were
generated using a generalized linear model (Gaussian family). *indicates a difference between
treatments (p < 0.05); *** indicates a difference between treatments (p < 0.001); NS indicates not
significant.
4. Discussion

In this study, we observed that the presence of the fungus Pochonia
chlamydosporia, after 40 days of inoculation in tomato plants, triggered modifications
in the volatile compounds emitted, as well as in the oviposition performance of
Phthorimaea absoluta females and in the developmental stages of this pest insect.

These results are important for understanding the interaction between this fungus,
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tomato plants, and P. absoluta, since reports in the literature about this system are
still scarce.

The female’s choice of host plays a crucial role in the survival of her offspring.
Among the groups of chemical compounds in tomato plants, the main host of P.
absoluta (Silva et al.,, 2021; Subramani et al., 2021; Aparna et al., 2024),
monoterpenes are important compounds for female attractiveness (Adams et al.,
2023). Monoterpenes such as a-pinene, B-myrcene, y-terpinene, -ocimene, and
p-cymene, found in this study, they are compounds that serve as cues that helps in
the attractiveness of lepidopterans and other herbivorous insects when choosing a
host for oviposition (Msisi et al., 2020).

One of the compounds that showed the highest average concentration in our
study was the monoterpene p-cymene, but only in plants with P. chlamydosporia. It is
well known that this compound plays a role in plant defense mechanisms and
exhibits antimicrobial properties (Tian et al., 2018). Another compound found at a
higher average concentration in plants with P. chlamydosporia compared to control
plants was salicylic acid (SA). The presence of P. chlamydosporia in tomato plant
roots induces the expression of gene regulators associated with plant defense
(Pentimone et al., 2018). Its endophytism can activate or inhibit the expression of
early defense genes in tomato leaves and also in banana plants, for example (Tolba
et al., 2021). The change in the concentration of the phytohormone SA between the
treatments with and without P. chlamydosporia may explain the preference of P.
absoluta for control plants, since it is associated with plant defense pathways against
herbivores. Microorganisms such as P. chlamydosporia can induce systemic
changes in the plants they colonize, thereby influencing the behavior of herbivorous
insects (Nishad et al., 2020).

Although we identified a greater number of VOCs in control plants, and most
of the compounds found in both plant types had higher average concentrations in the
controls, the small changes caused in the olfactory blend of tomato by the fungus
had a significant influence on the oviposition performance of P. absoluta females.
The presence of the endophyte P. chlamydosporia influenced the composition of the
VOC profile. Most of the compounds found in both types of plants studied were
monoterpenes, with B-phellandrene showing the highest mean concentration.

Pochonia chlamydosporia is capable of establishing itself in tomato plants

without causing injury, while also promoting growth, reducing the flowering period,
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and providing beneficial hormonal regulation for the plant (Escudero et al., 2014;
Pentimone et al., 2019; Gouveia et al., 2022). Moreover, this fungus can reduce
some of the plant’'s chemical defenses during its establishment (Gouveia et al.,
2022), particularly those related to secondary metabolites.

In view of this, we observed an influence on offspring development. The
physiological condition of the plant is a critical factor in host plant selection by
herbivorous insects, as females use sensory cues to locate and choose where to
oviposit (Bernays & Chapman, 1994), which consequently affects the development
of their offspring (Jaenike, 1978). The larval development stage of P. absoluta is of
great economic importance, since the larvae feed on tomato plants, mining leaves
and fruits, and causing significant yield losses (Biondi et al., 2018; Desneux et al.,
2021). Our results showed that the first larval instars, L1 and L2, had a higher mean
number of days in development on control plants than on plants with the fungus.
These factors may explain the changes caused in the nutrition part of plants
inoculated with the fungus, although this part needs future studies.

Some monoterpenes, such as 2-carene, sabinene, y-terpinene, a-terpinene,
as well as aldehydes like hexanal and decanal, and the sesquiterpene &-elemene,
were identified only in control plants. These compounds are related to plant
resistance and defense (Nishida, 2014; Brilli et al., 2019), which may also explain the
longer duration (in days) of the initial larval stages on control plants.

At one of the most critical stages for control, due to the larvae being more
developed, the L3 larvae developed faster on control plants. We suggest that, since
P. absoluta individuals in L1 and L2 developed more slowly on control plants, in the
L3 and L4 stages, when larvae typically consume more leaf mass until reaching the
pupal stage (Desneux et al., 2021), the consumption rate may have been higher.
Consequently, the duration (in days) of these stages was shorter on these plants.
However, when we examine the total larval development, P. absoluta individuals still
develop in a shorter period on plants with P. chlamydosporia.

In this study, it was observed that the interaction between tomato plants and
the endophytic fungus P. chlamydosporia has excellent potential in enhancing
defenses against herbivores, such as the tomato leafminer, P. absoluta. The ability of
the fungus to integrate with the plant and interact positively, even while causing
changes in the composition of the volatiles emitted by the tomato plant, is an

important characteristic for plant resistance. The increase in the concentration of
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certain plant defense-regulating compounds, associated with the presence of the
fungus, suggests the activation of defense pathways against herbivores. This
defensive response appears to make the plants less attractive for oviposition by
insect females such as P. absoluta, as evidenced by the preference of this pest for
control plants. Therefore, manipulating the levels of these compounds through
inoculation with P. chlamydosporia may be a promising approach to enhance tomato
plant defenses against herbivores. Future studies on the compounds found at higher
concentrations in inoculated plants may also help in the development of pest control
techniques. Additionally, it is necessary to assess the behavior (attraction or
repulsion) of these insects towards each compound identified in this work and to

determine which ones actually generate a bioactive response.
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Chapter 2

Gas Chromatography-Electroantennographic Detection response of
Phthorimaea absoluta (Lepidoptera: Gelechiidae) to volatile compounds from
tomato plants Solanum lycopersicum with and without inoculation of Pochonia
chlamydosporia (Hypocreales: Clavicipitaceae), analyzed by Gas
Chromatography—-Electroantennographic Detection (GC-EAD)
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Abstract

Phthorimaea absoluta is one of the primary pests of solanaceous crops, particularly
tomatoes. Females locate the host plant by detecting volatile organic compounds
(VOCs) emitted by the plants, and changes in the chemical profile of these
compounds can influence this choice. Detection occurs through sensors located on
the antennae, which capture electrophysiological signals and odors. Microorganisms,
such as endophytic fungi, associated with the roots can induce changes in plant
metabolism, thereby modifying the VOC profile emitted. This modulation can
interfere with the plant's attractiveness to pest insects, acting as a form of indirect
defense. This study investigated how VOCs from tomato plants with and without
inoculation of the endophytic fungus Pochonia chlamydosporia (Pc10 isolate)
influence the electrophysiological response of P. absoluta antennae. For this, one uL
of volatile extracts from fungus-inoculated and control plants (var. Santa Cruz) was
analysed into a gas chromatography system coupled with electroantennographic
detection (GC-EAD). The antennal responses, recorded in microvolts, were
processed using GC-EAD software (Syntech), and bioactive compounds were
identified by Kovats retention index. In tests with plants without the fungus, a-pinene
and B-myrcene elicited antennal responses; in plants with P. chlamydosporia, the
detected compounds were B-myrcene and p-cymene. Although [B-myrcene was
found in both, there was no significant difference in response intensity. After
identifying bioactive compounds, a synthetic blend containing a-pinene, B-myrcene,
y-terpinene, B-ocimene, and p-cymene was tested, and the highest mean antennal
response was observed for a-pinene. We conclude that, although P. chlamydosporia
did not significantly alter the intensity of perception of the compounds by P. absoluta,

there were qualitative variations in the profile of bioactive volatiles. These changes



44

may impact pest behavior, especially regarding B-myrcene. These results may
support studies with attractive traps and sustainable management strategies.

Keywords: Oviposition, Semiochemicals, Chemoreception.
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1. Introduction
Understanding the mechanisms that determine and modulate insect
oviposition behavior becomes increasingly necessary, especially when dealing with
those considered to cause economic damage to large-scale agricultural crops. Much
of this behavior is guided by the perception of cues, chemical signals emitted either
by other insects or by plants. There is a high sensitivity and specificity in the

detection of the compounds involved in this interaction.

Phthorimaea absoluta, currently the main tomato pest (Urbaneja et al., 2009;
Santana et al., 2019; Idriss et al., 2020; Desneux et al., 2021; Yuan et al., 2024;
EPPO, 2025), exhibits behavior driven by volatile organic compounds, such as
monoterpenes, which are detected by sensilla on its antennae, thereby modulating
the response to a specific odor (Naturere et al., 2022). More specifically, compounds
of the Green Leaf Volatiles (GLVs) type and terpenes, such as (E)-B-ocimene and
a-pinene, are responsible for shaping the antennal response of P. absoluta,

indicating their importance in pest orientation and attraction (Fiaboe et al., 2023).

Understanding the factors involved makes it possible to filter compounds of
interest, in order to then use them as a tool for controlling insect oviposition and
feeding behavior. Considering that female herbivorous insects are capable of
detecting small chemical changes in plants, which can be decisive in their choice,
factors such as the physiological condition of the plant have a considerable

influence.

The soil microbiota, for example, can induce systemic resistance and
qualitatively alter volatiles (Ghahremani et al., 2019; Escudero et al.,, 2016). An
example is the fungus Pochonia chlamydosporia, capable of modifying the
composition of bioactive compounds in our previous studies, suggesting an indirect
influence on host choice by P. absoluta. The effect of microorganisms on VOC
emission is also evidenced in studies with chitosan, an important agent in plant
defense and nutrition (Reyes-Pérez et al., 2020); when applied to P. chlamydosporia
cultures, it influences the production of volatile compounds that can be perceived by

insect antennae (Mestre-Tomas et al., 2022).

In light of such facts regarding the beneficial symbiotic relationship of P.
chlamydopsoria with tomato plants and its influence on the composition of volatile

compounds emitted by tomato plants, it is possible to hypothesize that the
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perception by the antennae of female P. absoluta, the main tomato pest, may also be
affected. Consequently, this could be an important factor in the host-locating
behavior of this pest insect. The present study aimed to evaluate the behavioral
responses of P. absoluta antennae using samples of VOCs from tomato plants with

and without inoculation of the endophyte P. chlamydosporia as an attractant.
2. Methodology
2.1 Gas Chromatography-Electroantennographic Detection (GC-EAD)

The rearing of P. absoluta, the insects used, the conditions of the plants used
on this experiment and the collection of VOCs was made is the same described
previously on chapter 1. To evaluate the electrophysiological response in the
antennae of P. absoluta, 1 pL of the volatile organic compound (VOC) extract from
both types of plants (fungus-inoculated and control) was injected and processed by
gas chromatography with a flame ionization detector (GC-FID) using a Shimadzu
GC-2010 equipped with an Rtx-5 Crossbond capillary column (5% diphenyl-95%
dimethyl polysiloxane; 30 m, 0.25 mm i.d., and 0.25 pym film thickness; Thames
Restek UK Ltd). The injector was operated in splittess mode. The temperature
program was adapted from the methodology developed by Lemos et al. (2015): the
temperature started at 35 °C (held for 1 min), followed by an increase of 8 °C/min
until reaching 260 °C, which was held for 5 min. The injector temperature was
230 °C.

The electrophysiological responses of the antenna, measured in microvolts
(200 pV), were amplified by the IDAC-2 interface (Syntech) and processed with a
data acquisition controller, with subsequent recording using GC-EAD software
(Syntech GC-EAD 32, version 4.6). To identify VOCs that elicited significant antennal
responses, the Kovats retention index (KI) was calculated for each compound using
a C7-C30 hydrocarbon series (30 ng/uL, C12 60 ng/uL as the reference peak on
chromatogram). The identification of compounds were performed using comparisons
to the Retention Index (Kovats Index) and confirmed with the spectra of commercial

standards.

Mated Phthorimaea absoluta females were placed in 70 mL containers and
then anesthetized in a vertical freezer at -20 °C for 5 minutes to immobilize the
insect. Subsequently, the female was held by the wings using entomological forceps

(Biologika). Using another fine-tipped forceps (titanium alloy, B 0.15 mm, Seablue),



47

the antenna was removed from the antenna escape region. The antenna was then
placed in an electrode (microcapillary electrodes with conductive gel Syntech) for
coupling. Approximately 30 antennae were tested in GC-EAD recordings for each
type of attractant. Only compounds that triggered three consistent EAG responses,
i.e., compounds that stimulated at least three antennae, were considered EAG-active

and used in the results (Miano et al., 2022).

After identifying the most bioactive compounds, a blend of these compounds
was created using synthetic standards from the Laboratory of Semiochemicals and
Insect Behavior (UFV) stock, which were then tested to evaluate the
electrophysiological response in the antennae of P. absoluta females, following the

same methodological specifications described above.
2.2 Statistical analysis

The normality of the data was determined using the Shapiro-Wilk normality
test. To analyze differences in the median intensity of antennal responses between
treatments, a Kruskal-Wallis test was performed. To assess whether there were
differences in the mean intensity of the identified compounds between treatments, an
ANOVA was conducted. All the statistical analysis was performed by software R
Studio.

3. Results

A total of 24 antennae were tested with control samples, of which 6 showed
measurable bioactive responses. Among these, 3 antennae responded to the
compound a-pinene and 3 to B-myrcene (Table 2.1). For the volatile samples from
plants inoculated with Pochonia chlamydosporia (isolate Pc10), 28 antennae were
tested, with 10 showing measurable bioactive responses. We observed 4 antennae
responding to B-myrcene and 3 to p-cymene (Table 2.1).

In both treatments, p-myrcene was found to be bioactive in the antennae.
However, there was no statistically significant difference in the mean response
intensity of 3-myrcene between the control and Pochonia chlamydosporia inoculated
treatments (p-value = 0.777) (Fig. 2.1). Furthermore, when comparing the mean
response intensity among the compounds themselves (a-pinene, [B-myrcene,
p-cymene) across both treatments, no significant difference was found (p-value =
0.1085).
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Table 2.1: Response intensity of the antenna and identification of compounds for volatile samples

from tomato control plants and inoculated with Pochonia chlamydosporia (isolate Pc10).

Qualitative GC-EAD

Treatment Antenna Compound KI  Value (pV) Response
Control 1 a-pinene 1030 60 +
Control 1 a-pinene 1030 80 +
Control 2 a-pinene 1030 180 ++
Control 3 a-pinene 1030 20 +
Control 3 a-pinene 1030 320 +++
Control 4 B-myrcene 902 40 +
Control 5 B-myrcene 902 280 +++
Control 6 B-myrcene 902 20 +

P. chlamydosporia 1 p-cimene 1045 20 +
P. chlamydosporia 2 p-cimene 1045 20 +
P. chlamydosporia 3 p-cimene 1045 20 +
P. chlamydosporia 4 B-myrcene 990 160 ++
P. chlamydosporia 4 B-myrcene 990 60 +
P. chlamydosporia 5 B-myrcene 990 160 ++
P. chlamydosporia 6 B-myrcene 990 60 +
P. chlamydosporia 7 B-myrcene 990 20 +

k |dentification of compounds according to mass spectrum and Kovats retention index in comparison

with references in libraries and comparison with Kls in similar columns;

“+” indicates a weak antennal response, “++” moderate, and “+++” strong.

Note: we used mean * standard deviation to define the thresholds for low, medium, and high

response.

After identifying the bioactive compounds, a blend sample (40 ng/uL) was

prepared containing a-pinene, B-myrcene, y-terpinene, -ocimene, and p-cymene. In

total, 33 antennae were tested, of which 12 showed measurable responses: 3

antennae responded to B-ocimene, 3 to a-pinene, 3 to y-terpinene, and 6 to

p-cymene. The highest mean antennal response intensity was observed for a-pinene

(660 pV).
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Figure 2.1: Average response intensity of the antennas of Phthorimaea absoluta in GC-FID-EAD,
tested for a blend of synthetic compounds from tomato plants (y-terpinene, p-cymene, a-pinene,

B-myrcene, and B-ocimene). Overlapping numbers indicate the number of responsive antenna.
4. Discussion

This study investigated the electrophysiological response of Phthorimaea
absoluta antennae to volatile compounds from tomato plants with and without
inoculation by Pochonia chlamydosporia (isolate Pc10). The GC-EAD technique (gas
chromatography coupled with electroantennographic detection) enabled the
identification of compounds with potential olfactory activity relevant to this insect, an
important step in identifying semiochemicals applicable to pest management and
understanding how the fungus influences herbivore host location.

The data obtained showed that, although the initial hypothesis was that
antennae would respond more intensely to volatiles from control plants (without
fungal inoculation), the compound B-myrcene was detected as bioactive in both
treatments. However, no statistically significant difference was observed in the mean
response intensity to this compound between the groups. This result suggests that
B-myrcene is a crucial compound in tomato plants for mediating plant-insect
interactions, regardless of the presence of P. chlamydosporia. This finding is
consistent with other studies that have shown this monoterpene is involved in the
attraction of herbivorous Lepidoptera, as well as other economically important
insects such as Bemisia tabaci (Bruce et al., 2005; Bleeker et al., 2009; Liang et al.,
2025).
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There was no significant difference in the quantitative response, measured by
intensity, to the compounds a-pinene, B-myrcene, and p-cymene between our
treatments. The absence of statistical significance may reflect a low sensory activity
of the antennae in distinguishing between these volatile structures in terms of
intensity. Nevertheless, in qualitative terms, we previously observed that changes in
these compounds influence the behavior of Phthorimaea absoluta. Furthermore,
interindividual variability among antennae may have influenced the results, as also

observed in other similar studies (Natale et al., 2003; Witzgall et al., 2010).

Our blend of the synthetic compounds (containing a-pinene, B-myrcene,
y-terpinene, B-ocimene, and p-cymene) showed a highlight of the compound
a-pinene, indicating that this compound, although less frequently detected in
individual samples, may have greater sensory efficacy when present in more
complex blends. Blends of volatile compounds are responsible for the specificity in
behavioral responses, compared to isolated compounds, as demonstrated in several
studies with Lepidoptera and their hosts (Bruce & Pickett, 2011; Webster et al.,
2010).

In our previous study, the compound p-cimene showed higher concentrations
in plants inoculated with Pochonia chlamydosporia. Moreover, this compound
induced a higher frequency of detection in samples from inoculated plants,
suggesting a possible specific role in the context of plant-microorganism-insect
interaction. The emission of p-cymene in tomato plants may modulate the attraction
of herbivorous insects, potentially causing repellency (Bleeker et al., 2009; Bleeker
et al., 2011; Pizzo et al., 2024). These factors underscore the importance of

evaluating compounds like p-cymene in future behavioral assays.

Our results suggest that qualitative changes caused by inoculation of P.
chlamydosporia (isolated Pc10) in tomato plants may influence the antennae
behavior of P. absoluta. The applicability of these findings extends to subsequent
experiments with olfactory traps and behavioral analyses, to verify, on a larger scale

(such as in the field), and later integrate into the management of this pest.
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Abstract

Plants have constitutive defense strategies against herbivore attacks, which can be
innate and constantly produced. The presence of eggs on leaves influences the
activation of these defenses, for example, and this activation serves as an important
sensory cue for natural enemies, such as parasitoids. Microorganisms can also
affect the release of volatiles by the plant, known as microbe-induced volatiles. In
this study, we investigated changes in the emission of volatile organic compounds
(VOCs) in tomato plants after insect oviposition, focusing on the temporal dynamics
at 0, 24, and 48 hours after the deposition of Phthorimaea absoluta eggs and in the
presence of Pochonia chlamydosporia in the roots. Using gas chromatography
(GC-MS) and statistical modeling (GLM), we quantified the concentrations of the
main VOCs and assessed the effects of compound identity, time, and their
interaction on emission profiles. We observed significant quantitative and qualitative
effects, indicating that both the type of compound and the timing after oviposition
influence the VOC profile. The most affected compounds were 4-carene and
B-felandrene, which showed significant changes in concentration over time, with
4-carene exhibiting a particular increase and B-phellandrene displaying strong
temporal variation. Additionally, the compound a-terpinene also showed a significant
increase within 24 hours. Our results suggest that oviposition causes a chemical
adjustment in the plant, which consequently affects its ecosystem interactions. This
work showed the importance of understanding how the injuries caused by
oviposition, associated with the presence of microorganisms, affect plant defense
signaling and provides a foundation for future studies on the ecological roles of

specific VOCs in tomato-insect interactions.

Keywords: OIPVs, HIPVs, preference of oviposition, endophytic fungus.
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1. Introduction

Scars left on the leaves after egg deposition by insects contain specific
elicitors, such as egg-associated proteins, that plants can detect through surface
receptors, triggering defense responses prior to larval feeding (Bruessow et al.,
2010; Hilker et al., 2005), which in turn cause chemical changes in the plants. This
process is called oviposition-induced plant volatiles (OIPVs), which can serve as
early warning cues for egg parasitoids and predators (Hilker & Fatouros, 2015;
Fatouros et al., 2008).

The deposition of insect eggs alone, in the absence of feeding, can induce
significant physiological and chemical changes in plants. Volatile organic compounds
(VOCs), are among the most studied defense-related metabolites involved in both
direct deterrence and indirect defense strategies, such as attracting natural enemies
of herbivores (Dudareva et al., 2006; Hilker and Fatouros, 2015).

In interactions with insects of the order Lepidoptera, for example, egg
deposition usually represents the plant’s first contact with the herbivore rather than
feeding damage (Fatouros et al., 2016). Upon perceiving these oviposition cues,
plants activate early signaling cascades, including salicylic acid (SA) and jasmonic
acid (JA) pathways and also, as a result of this response, starts the emission of
defensive volatiles (Little et al., 2007; Bruessow & Reymond, 2007; Hilfiker et al.,
2014). These responses help restrict larval development and enhance the
recruitment of egg parasitoids, demonstrating that plants proactively adjust their
physiology at the moment of oviposition, rather than waiting until herbivory occurs
(Reymond, 2013; Fatouros et al., 2008).

Plants that have been exposed to insect oviposition often mount faster or
stronger defense responses upon subsequent herbivore attack compared to plants
without prior egg deposition (Hilker and Fatouros, 2015; Fatouros et al., 2016. This
phenomenon, known as priming, allows the plant to respond more efficiently by
activating relevant defense pathways in anticipation of damage (Bandoly et al.,
2015). For example, in Nicotiana attenuata and Arabidopsis thaliana, oviposition
triggers the early activation of JA and SA signaling, the expression of
pathogenesis-related genes, and the release of defense volatiles even before larvae

begin feeding (Bruessow and Reymond, 2007; Hilfiker et al., 2014).
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Earlier responses reduce herbivore performance and can increase the
recruitment of natural enemies. Transcriptomic studies have also shown that egg
deposition upregulates genes associated with secondary metabolism and direct
defense compounds (Singh et al., 2020), highlighting the idea that oviposition serves
as a warning signal that reprograms the plant’s physiology toward a heightened

defensive state.

Understanding the role of root-associated microorganisms in modulating
aboveground plant defenses enables understand how Microbial colonization,
particularly by endophytic and rhizospheric fungi, can prime systemic plant defenses
and alter VOC emission patterns in response to herbivore or oviposition stress
(Guerrieri and Rasmann, 2019; Zehra et al., 2022). Beneficial fungi such as
Pochonia chlamydosporia have been reported to influence tomato VOC profiles and
potentially enhance the plant’'s responsiveness to insect attack (Monteiro et al.,
2020).

Therefore, this study aims to test the hypothesis that VOC production will be
higher in plants with both eggs and the fungus. For this, we will investigate how the
tomato plants react defensively to the presence of eggs on leaves from Phthorimaea
absoluta, an important pest for tomato cultivators, and by the association with

nematophagus fungi Pochonia chlamydosporia in roots.
2. Methodology
2.1 Tomato leaves with eggs of P. absoluta

The rearing of P. absoluta, the insects used, the conditions of the plants used
on this experiment was the same described previously on chapter 1. One plant from
each treatment (control and inoculated) were placed in a wooden cage (56 x 56 x 56
cm) covered with organza and 4 mated P. absoluta females were released into each
cage. The females were released during the scotophase, which is the oviposition
period of P. absoluta (Proffit et al. 2011), in a room under controlled conditions of
temperature (25 + 2 °C), photoperiod (12:12, light:dark), and relative humidity (70 %
5%). The number of eggs per plant was standardized to 12 (Milonas et. al, 2019),

and the remaining eggs were removed with the aid of a fine brush (no. 00).
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2.2 Headspace Volatile Collection and Chromatographic Analysis

Volatiles from the aerial parts of plants inoculated with the fungus P.
chlamydosporia were collected using the headspace technique over 24h (N = 6) and
48h (N = 6) post-oviposition of Phthorimaea absoluta. The plants were individually
placed in cylindrical glass chambers (37 cm high x 14 cm in diameter) with the soil
surface covered by aluminum foil (Arce et al. 2017). An air filter containing activated
charcoal (1 L/min) was introduced into the chamber, and volatiles were drawn out
(0.5 L/min) and trapped on 20 mg of HayeSep Q (80-100 mesh) (Analytical
Research Systems, Florida, USA). Subsequently, the volatiles were eluted in 200 uL
of hexane. All collected samples were stored at -80°C for later analysis using
GC-MS.

For the analysis of the collected volatiles, a 24 L aliquot was taken from each
sample, and 1 pL of 1000 ng n-heptyl acetate standard was added, resulting in a
sample with 40 ng/uL of the internal standard. The volatile profile was obtained by
injecting 1 uL of the sample into a gas chromatograph coupled with a mass
spectrometer (Shimadzu GCMS — QP2010 SE), in splitless mode, Ritx-5MS (Restek
chromatography products), mode onto a DB-5 column (30 m x 0.25 mm; df = 0.25
um; J&W Scientific, Folsom, CA, USA), using helium as carrier gas (170 kPA). The
temperature program used was temperature starts at 35°C (held for 1 min), followed
by an increase of 8°C/min until reaching 280°C, which is held for 5 min. The
identification and quantification of compounds were performed using comparisons to
the mass spectra of NIST 14s library spectra and confirmed with the spectra of

commercial standards.

2.3 Statistical analysis
The statistical analysis was performed using a generalized linear model
(GLM) with a Gaussian distribution, aiming to evaluate the effects of time after
oviposition (Oh, 24h, and 48h) and the different volatile compounds emitted by the
plants inoculated with P. chlamydosporia, as well as their interaction, on compound
concentration.
3. Results
The presence of Phthorimaea absoluta eggs on tomato plants inoculated with
Pochonia chlamydosporia (isolate Pc10) affected the expression of volatile organic

compounds (VOCs). The time after oviposition (24h or 48h), when compared to
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non-oviposited plants, significantly influenced the concentration of these compounds
(F =955.22, p = 0.0229).

We identified 17 compounds on plants without eggs, 15 on plants with eggs
for 24 hours and 19 compounds on plants with eggs for 48 hours (Table 3.1).
Regardless of the presence of eggs, on plants inoculated with P. chlamydosporia
(isolate Pc10), we identified 9 compounds, which were a-pinene, B-myrcene,
a-phellandrene, a-terpinene, B-phellandrene, nonanal, dodecane,

(2)-B-caryophyllene, and salicylic acid (Table 3.1). Some alkane were identified only
on plants post 24 hours of oviposition, such as 2-methyldecane and undecane.
Other compounds, such as 5-methyl undecane and salicylate, were identified only in

plants 48 hours post-oviposition (Table 3.1).
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Table 3.1: List of compounds identified from tomato plants with Phthorimamea absoluta eggs and inoculated with Pochonia chlamydosporia (isolate Pc10)

and respective means of concentration (ng/ul).

Mean Mean Mean
Compound Chemical RI RI Reference Concentration Concentration Concentration Supplier/ Purity/
P class ep UL (literature) £ SD (ng/y) * SD (ng/p) * SD (ng/u) Provided by* Concentration*
(Oh) (24h) (48h)
Nonane Aliphatic g0 900 NIST2024  0.36 £ 1.01 ; 021+0 ; ;
hydrocarbon
a-Pinene*  MONOWIPENS o)/ a9 NIST2024 225%1120  2.03+173 0107+044  Esalq- Piracicaba - On9/ML (diluted in
hydrocarbon hexane)
Hexanal* Aldehyde 968 801 NIST 2024 - - 019£019  Esalq- Piracicaba  On9/HL (dilutedin
hexane)
B-Myrcene*  VOMOEIPENG hh/ o091 NIST2024 01340091  1.20 4047 023+0 SIGMA - ALDERICH 90%
hydrocarbon
4-Carene* Monoterpene 1017 1011 NIST 2024 21.82 + 5.60 i i Lab. Semioquimicos  30ng/uL (diluted in
hydrocarbon - UFV hexane)
. Monoterpene 40ng/pL (diluted in
a-Phellandrene 1020 1008 NIST 2024 5.09+1.23  7.47 +43.53 12.28+0.67 Max Plank - Holanda
hydrocarbon hexane)
2-Methyl Aliphatic 4015 NIST 2024 - 9.67 +0 4.88 +0 ; ;
decane hydrocarbon
a-Terpinene  OMOWIPENE 4 (0n 1017 NIST2024 1.97£099 19231215  2.72%5.93 ; ;
hydrocarbon
p-Cymene*  MONOIEIPENE /0 1075 NIST 2024  0.87 +0.55 - - SIGMA - ALDERICH 99%
hydrocarbon
B-Phellandrene Monoterpene 51 1433 NiST 2024 76.20£21.07 1164944353  30.13£11.26 Max Plank - Holanda  +On9/ML (dilutediin
hydrocarbon hexane)
B-Ocimene*  MONOIEIPENe o0 4050 NIST 2024  0.33 £0.16 ; ; SIGMA - ALDERICH 90%
hydrocarbon
24-Dimethyl— Aliphatic 77 1030 NIST 2024  0.71£0.32 - - - -
decane hydrocarbon
4.7-Dimethyl —Aliphatic 41,/ 1180 NIST2024 045+ 0.36 ; ; ; ;
undecane hydrocarbon



Nonanal* Aldehyde
5-Methyl Aliphatic
undecane hydrocarbon
2,6-Dimethyl Aliphatic
undecane hydrocarbon
. Aliphatic
Dodecane hydrocarbon
Decanal Aldehyde

B-Caryophyllene Sesquiterpen

hydrocarbon

Salicylic acid  Aromatic acid
Aromatic
Salicylate ester/acid
derivative

1129

1230

1239

1488

2007

1101

1155

1170

1200
1200

1418

1325

NIST 2024

NIST 2024

NIST 2024

NIST 2024
NIST 2024

NIST 2024

NIST 2024

NIST 2024

1.00 £ 0.69

1.20+£0.14

257 +1.03

11.62 £ 3.84

2.74 £ 0.51

581+0

1.37 £ 0.07

2.14+£0.80

2.56 + 0.89

1.70£0.75

0.61 +0.33

1110

1.45+0.41

1.47 £0.92

1.45+0.36

021+0

Lab. Semioquimicos
- UFV

Lab. Semioquimicos
- UFV

Esalq - Piracicaba
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20ng/pL (diluted in
hexane)

30ng/pL (diluted in
hexane)

40ng/pL (diluted in
hexane)

*Compounds identified by internal library and synthetic standards; Rl = Retention Index calculated based on Kovats Index; Exp = Rl based on this
experiment; Lit = Rl based on literature; and compounds named in bold significantly affected compounds (p<0.05) in interaction with time or main effects.
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The concentration of B-phellandrene increased significantly 24 hours after
oviposition (p = 0.0184); however, after 48 hours, its concentration decreased,
becoming significantly lower compared to plants without oviposition or those
evaluated after 24 hours (p = 0.0150) (Fig. 3.1A) (Table 3.1). The concentration of
the compound changed significantly at 24 hours and 48 hours compared to the
control plants without eggs. The compound ao-terpinene showed a decrease in
concentration in response to egg presence, particularly after 24 hours (p = 0.0450)
(Fig. 3.1B) (Table 3.1).

Time with eggs

A B
.| aen
120 24h
3
= 100
E
c
2 80 Oh
@
=
2 60
c
Q
(8]
o 40
& 48h
5 ]
< 20 -
Oh 24h 48h
O_ S
B-phellandrene o-terpinene

Figure 3.1: Average concentration of the compounds (-phellandrene (A), and a-terpinene (B) on
tomato plants inoculated with Pochonia chlamydosporia (Isolate Pc10), over time post oviposition of
Phthorimaea absoluta. Signif. codes: 0 ™**' 0.001 "*' 0.01 ™' 0.05"'.'0.1"" 1

4. Discussion
In this study, we found that Phthorimaea absoluta eggs on tomato plants
treated with the endophytic fungus Pochonia chlamydosporia (isolate Pc10) affected
the volatile organic compounds (VOCs) both in quality and quantity. This change
showed a direct link to how long the eggs are on the tomato plant, which relates to
the endophytic fungus.
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The presence of insect eggs prompts chemical defenses in the plant, known
as oviposition-induced plant volatiles (OIPVs). These serve as key signals for natural
enemies like parasitoids (Pefaflor et al., 2011; Hilker & Fatouros, 2015). When the
plant starts to defend itself at this stage, it gains an edge over the organism during
the damage phase, allowing it to react more quickly than plants without eggs
(Pashalidou et al., 2020).

Our study identified important monoterpenes linked to OIPVs in tomato plants,
including a-terpinene and B-phellandrene, influenced by oviposition. Understanding
plant defense responses like OIPVs can help with combined pest management
(IPM), as this knowledge can improve biological control of insects (Cusumano et al.,
2020; Das & Barik, 2022).

Compounds such as a-terpinene and (-phellandrene mainly come from the
trichomes of tomato leaves. They are linked to physical defenses against herbivores
and attract natural enemies (Ayelo et al., 2021). The interaction between a-terpinene
and B-phellandrene serves as an important tool for resisting pest insects (D’Esposito
et al.,, 2023), including P. absoluta. Additionally, the absence of the compound
4-carene in plants with eggs may affect the oviposition preference of P. absoluta
(Nishida, 2014).

We saw a rise in B-phellandrene concentration 24 hours after oviposition,
indicating a quick plant response to this type of stimulus. This change can act as a
warning signal and aid in attracting natural enemies like parasitoids or predators
(Ayelo et al., 2021; Adams et al., 2023), including Trichogramma pretiosum and

Nesidiocoris tenuis.

However, B-phellandrene levels dropped after 48 hours of oviposition. This
suggests a time-dependent metabolic adjustment. Despite this change, it's important
to mention that B-phellandrene's interaction with other compounds, particularly when
mixed with other monoterpenes, supports communication across different species
(Ayelo et al., 2021; Silva et al., 2023). Thus, the presence of P. chlamydosporia in

oviposited plants acts as an added trigger for defense in tomato plants.

We noticed a decrease in a-terpinene concentration in response to
oviposition, especially after 24 hours. This indicates a suppression of this compound,
likely as a tactic to balance secondary metabolism, similar to the observation with

B-phellandrene. Furthermore, a-terpinene is linked to direct defense against insects
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and regulates the release of other secondary volatiles (Bleeker et al., 2009),

potentially in conjunction with compounds like B-phellandrene.

Alkanes found only in plants where P. absoluta laid eggs are commonly part of
the volatile compound profile emitted by tomato plants, especially in reaction to
herbivory or the presence of insect eggs (Lopez et al., 2013; Nawrocka et al., 2023).
These alkanes can impact insect host plant choice, whether by attracting or repelling
them. They aid in forming physical or chemical barriers on the plant's surface and

support communication between plants (Adams et al., 2023).

Based on our results, we can conclude that P. chlamydosporia might influence
the metabolic adjustments of VOCs regarding the plant's response to oviposition.
This could happen through priming for defensive metabolism or by releasing
fungal-derived substances that change VOC profiles. This type of change has been
noted in interactions involving endophytic or rhizospheric fungi that alter how
attractive plants are to their natural enemies (Guerrieri et al., 2019; Zehra et al.,
2022).

Overall, the presence of Pochonia chlamydosporia in tomato plants shows
promise as an alternative for pest management, specifically for Phthorimaea
absoluta. We previously noted that this pest prefers to lay eggs on plants without the
fungus. However, when oviposition does happen, our results indicate that the plant
quickly activates its defense mechanisms. Therefore, future studies with field

applications could further clarify how this interaction could work on a larger scale.
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General Conclusions

Our studies have shown that the interaction between the endophytic fungus
Pochonia chlamydosporia and tomato plants (Solanum lycopersicum) induces
significant changes in the profile of volatile organic compounds (VOCs) emitted by
the plants, which directly affect the oviposition behavior and development of the
specialist herbivore Phthorimaea absoluta. As a consequence of this interaction, the
presence of the fungus in the roots alters both quantitatively and qualitatively the
emission of these volatiles, highlighting compounds such as p-cymene, salicylic acid,
B-myrcene, and 4-carene, which play crucial roles in plant defense against

herbivores and in modulating the attractiveness to the tomato leafminer.

The presence of P. chlamydosporia also influenced the behavioral responses
of P. absoluta antennae, although it was more evident qualitatively .Although the
fungus did not significantly change the antennal perception intensity of some
bioactive compounds by the leafminer, the qualitative variations in the VOC profile
appear to influence female oviposition preference, which tends to avoid plants
inoculated with P. chlamydosporia. Additionally, the presence of the fungus
accelerates the egg and larval development of the insect, which may have

implications for the pest population dynamics.

When we observed the induction of post-oviposition defense of P. absoluta,
there was a direct relationship related to the time the egg was on the plant,
combined with the effect of the fungus on the plant. Specific compound
concentrations vary over 24 and 48 hours after oviposition. This reconfiguration of
VOCs suggests an indirect defense mechanism that may involve the recruitment of

natural enemies, contributing to tritrophic interactions.

In light of our findings, it is possible to highlight the importance of studying and
understanding the variables of the fungus-plant-insect interaction on systems in
integrated pest management strategies. Moreover, how to use the potential of
endophytic fungi as a tool to modify plant biochemistry and reduce the impact of
specialist herbivores through manipulation of the chemical signals that regulate

insect behavior.



