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Host plant-specific volatiles of Beauveria
bassiana-colonized plants initiate trophic
plant-aphid-predator cascades
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Abstract

BACKGROUND: Entomopathogenic ascomycetes (EAs) have efficacy in insect pest control through direct contact and indirectly
as plant endophytes. As endophytes, they lead indirectly to pest mortality, enhance plant resilience to stresses, promote plant
growth and alter plant volatile emissions. These changes can influence plant interactions with beneficial fauna, such as preda-
tors, parasitoids and pollinators. However, variation in endophytic colonization across plant species and EA strains raises ques-
tions about cultivar-specific responses within the same crop species. Here we evaluated the impact of endophytic colonization
by the EA Beauveria bassiana on the volatile organic compounds (VOCs) of three melon cultivars: ‘Galia’, ‘Futuro’ and
‘Rinconete’.

RESULTS: Beauveria bassiana colonization rates ranged from 73% (Rinconete) to 85% (Galia) and were associated with melon
crop-specific VOCs such as cis-3-hexenal and N,N-dimethyldodecanamine. The B. bassiana colonization also triggered
cultivar-specific VOCs including allomones and synomones that play a key role in melon-insect pest interactions which are rel-
evant to crop protection. These included cis-3-hexenol and g-phellandrene in Galia, cinnamaldehyde and cinnamyl alcohol in
Futuro, and styrene and acetophenone in Rinconete. Differences in VOCs were evaluated in a multitrophic system involving
cv. Galia, the aphid Aphis gossypii and the predator Chrysoperla carnea. Olfactometer bioassays revealed a lacewing preference
for B. bassiana and aphid-infested plants. Significant differences in emissions of lacewing attractant VOCs were recorded
between B. bassiana-colonized plants and controls, independent of aphid infestation.

CONCLUSION: These results reinforce the potential of endophytic B. bassiana-related VOCs to be managed within integrated
melon protection and production strategies tailored to specific melon varieties.
© 2026 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.

Keywords: Aphis gossypii; allelochemicals; chemometric analysis; Chrysoperla carnea; GC-MS; VOCs
0000000000000
———————————————————————————]

*

Correspondence to: Q-M Enrique or G-M Natalia, Department of Agronomy,
1 INTRODUCTION Maria de Maeztu Excellence Unit DAUCO ETSIAM, Universidad de Cérdoba,
Campus de Rabanales, Building C4 Celestino Mutis, 14071 Cordoba, Spain.

Integrated pest management (IPM) has emerged as one of the E-mail: z22goman@uco.es (Enrique); E-mail: cr2qumoe@uco.es (Natalia)

most robust paradigms within the field of agricultural production

science. Both IPM and organic agriculture encourage the use of

strategies that minimize reliance on pesticides and promote sus-

. . . . 1 o .

talnéble and enVIronmentfa\ll)./ friendly practlFes. Blo.loglcal con- Andalusian Institute of Agricultural and Fisheries Research and Training

trol is a key component within these strategies and includes the (IFAPA), Jerez de la Frontera, Spain

use of entomophagous arthropods (predators, parasitoids) and

entomopathogenic microorganisms, for sustainable pest man- ¢ MED - Mediterranean Institute for Agriculture, Environment and
P 9 9 P Development & CHANGE - Global Change and Sustainability Institute,

1,2 .
agement. Among these, entomopathogenic ascomycete Faculdade de Ciéncias e Tecnologia, Universidade do Algarve, Faro, Portugal
(EA) fungi stand out as effective biological control agents against

arthropod pests owing to both their unique integumentary
mode-of-action (MoA) and their demonstrable compatibility with

s 34
other natural enemies in the agroecosystem.™ Furthermore, the Zoology and Entomology Unit, School of Forestry Engineering and Natural
use of EAs as biological control agents has gained significant Resources, Polytechnic University of Madrid, Madrid, Spain

Q

Department of Agronomy, Maria de Maeztu Excellence Unit DAUCO ETSIAM,
Universidad de Cérdoba, Cordoba, Spain

o

(X

Department of Agroindustry and Food Quality, Andalusian Institute of
Agricultural and Fisheries Research and Training (IFAPA), Cordoba, Spain

m

________________________________________________________________________________________________________________________]
© 2026 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.



https://orcid.org/0000-0002-9372-1346
https://orcid.org/0000-0002-5340-7029
mailto:z22goman@uco.es
mailto:cr2qumoe@uco.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fps.70989&domain=pdf&date_stamp=2026-06-22

WWW.S0Ci.org

M Cuenca-Medina et al.

importance owing to their recently discovered multiple ecological
roles.

Some EA strains can colonize the plant as endophytes, even
upon artificial application, resulting in either transient or sys-
temic colonization of the crop with associated positive effects
on the plant and negative effects on herbivorous pests.®” This
endophytic capacity enhances EA compatibility with other natu-
ral enemies by reducing direct contact of fungal propagules with
insect predators and parasitoids.*®™'° Endophytic colonization
(EC) by EA has been shown to influence plant responses, provid-
ing systemic protection against insect pests and phytopatho-
gens, enhancing resilience to abiotic stresses, promoting plant
growth and altering the plant volatile profile.® Indeed, it has
been demonstrated that EC-related plant growth promotion
depends on cultivar and EA fungal strain, assuming both the
EA strain and cultivar strongly determine the result of the plant
response.’’ Moreover, although the endophytic behaviour of
EA has been reported in numerous plant species, the extent of
colonization varies depending on host species and fungal strain.
However, it remains unclear whether such variation also occurs
at the variety or cultivar level and whether it is mediated by plant
volatile profiles ®'271

In this regard, fungal EC and subsequent changes in the plant
and in herbivorous insects could influence entomophagous and
pollinator—plant interactions, particularly through alterations in
plant volatile profiles.'®'® When larvae of the generalist predator
Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) were
given a choice between fungal EC and control melon plants, they
preferred aphids feeding on EC plants.'® In this predatory context,
the lacewing preference could be influenced by EC-mediated
changes in either the prey or the plant.®?°~>* Such changes are
likely to include modifications to plant volatile profiles emitted
by EA-colonized plants, which may serve as predator attrac-
tants.”?>2% However, it remains uncertain whether adult lace-
wings, which are not predators but are, remarkably, more
responsiveness than immature stages to chemical cues, also show
a preference for EC plants.>”*® Adult lacewing behaviour is crucial
for understanding their habitat selection and oviposition prefer-
ences, and especially critical under field cultivation conditions.?”

Based on this framework, we evaluated whether (i) colonization
by EA endophytes induces cultivar-specific changes in plant vola-
tile profiles and (ii) these volatile modifications influence the
olfactory behaviour of adult C. carnea.

To this end, the degree of EC of melon plants by the EA Beau-
veria bassiana (Balsamo) Vuillemin (Ascomycota: Hypocreales)
was evaluated in two varieties, Reticulatus and Piel de Sapo, and
a total of three different cultivars, ‘Galia’ F; in var. Reticulatus,
and ‘Futuro’ and ‘Rinconete’ in var. Piel de Sapo. Additionally,
the impact of EC on plant volatile organic compound (VOC) pro-
files was analyzed, focusing on potential variation in VOCs that
were either common across all cultivars or specific to each
cultivar.

In a second experiment, the ecological significance of this
plant-fungus interaction was investigated by examining the hab-
itat preference of C. carnea. Olfactometer assays were conducted
to assay the preference of C. carnea adults for B. bassiana EC Galia
melon plants, when either infested or not with the melon aphid
Aphis gossypii Glover (Hemiptera: Aphididae), compared with con-
trol plants free of fungal inoculum. This work provides insights
into the potential implications for natural lacewing populations
under field conditions when integrating EA into IPM programmes
across different melon varieties and cultivars grown worldwide.

2 MATERIALS AND METHODS

2.1 Plants, insects and fungal strain

Three melon cultivars from two varieties were used: Cucumis melo
var. Reticulatus cv. Galia F; (Mascarell Semillas) and var. Piel de Sapo
cvs Futuro and Rinconete (Semillas Fit6). Seeds were surface-
sterilized in 2% sodium hypochlorite (NaOCl) for 2 min, rinsed in ster-
ile Mili-Q water and dried under sterile conditions. For germination,
seeds were placed between moist, sterilized filter papers over sterile
vermiculite in 150-mm Petri dishes, sealed with Parafilm and incu-
bated at 25 °C in darkness. A 1:1 mix of peat substrate and vermicu-
lite was autoclaved twice (20 min at 121 °C, 24 h apart). Germinated
seeds were transferred to 9-cm-diameter pots with the sterilized mix
and grown at 25 + 2 °C and 70% relative humidity (RH), under a
16 h:8 h, light:dark photoperiod. Irrigation water was sterilized and
20:20:20 NPK fertilizer (Nutrichem 60) added weekly at 3 g L.

Beauveria bassiana strain EABb 01/33-Su was selected for the exper-
iments owing to its demonstrated endophytic behaviour when
applied by foliar spray on melon plants; its efficacy against melon
aphid feeding on EC melon plants; and the attraction of lacewing lar-
vae to aphids feeding on EC plants.”'®'® Moreover, EABb 01/33-Su
modifies the volatile profile of EC melon plants.’®'” This strain from
the Agronomy Department of the University of Cérdoba collection
was originally isolated from soil of a traditional olive orchard in El Bos-
que (Cadiz, Spain) and is deposited under the Budapest Treaty in the
Spanish Type Culture Collection located at the University of Valencia
under accession number CECT 21149. Detailed molecular evaluations
of EABb 01/33-Su are available in the GenBank database. Specifically,
sequences EF115310 and FJ972969 correspond to the internal tran-
scribed spacer (ITS region), FJ973025 refers to the intergenic region
nad3-atp9, and FJ972914 to the intergenic region atp6-rns.

Beauveria bassiana strain EABb 01/33-Su was cultured on potato
dextrose agar (PDA) in 90-mm Petri dishes for 14 days at 25 °Cin
darkness. Conidia were scraped into 0.01% Tween 80, filtered
through sterile cheesecloth, and sonicated for 5 min. Conidial
concentration was adjusted to 10% conidia mL™" using a haemo-
cytometer. This dose, applied at a rate of 5 mL per plant, effec-
tively induces EC in melon and also controls aphids”'®. Only
suspensions with >97% germination after 24 h in Czapek Dox
broth with 1% yeast extract were used in experiments.

A virus-free A. gossypii population from the ICA-CSIC (Madrid,
Spain) was reared for several generations on melon plants in
insect-proof cages in an environmental chamber at 25 + 2 °C,
70% RH, under a 16 h:8 h, light: dark regime.

Chrysoperla carnea larvae were initially supplied by Koppert
SL. (Aguilas, Spain) and reared under laboratory conditions (25 +
2 °C, 70% RH, 16 h:8 h, light:dark). They were individually placed in
50-mm-diameter Petri dishes to avoid cannibalism and fed with
Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs (Bioline Iberia,
Santa Maria del Aguila, Spain) until reaching the final larval stage.
Once new adults emerged, they were placed in a 30 X 20 X 15 cm
(length x width x height) rectangular box in groups of 200. Adults
were provided with sterile mineral water and a mixture of honey: pol-
len 1:1 (v:v). This mixture and water were replaced every 2 days. Eggs
from the rectangular box were placed individually in 50-mm-diameter
Petri dishes and reared with E. kuehniella until adult emergence.?®

2.2 Standard methods used to inoculate melon plants

and verification of B. bassiana EC by microbiological and
molecular techniques

In all experiments, melon plants were treated by foliar spray. The
aerial parts of plants at the four-leaf stage were each treated with
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5 mL of the B. bassiana conidial suspension. An aerograph 27 085
with a piston compressor of 23 L min~', 15-50 PSI and 0.3 mm
nozzle diametre (Artesania Latina S. A., Malaga, Spain) was used
to achieve this. Postinoculation, each replicate plant was covered
with a plastic sheet to encourage fungal activity for 24 h. For the
control treatment, plants were sprayed with sterile water contain-
ing 0.01% Tween 80, using the same application procedure as that
used for the fungus-treated plants.

In order to confirm that EC had occurred, two leaves were sam-
pled from each plant at the end of experiments; one was evalu-
ated microbiologically and the other using molecular
techniques. First, both leaves were surface-sterilized in 1% NaOCI
for 2 min, rinsed twice in sterile distilled water and dried on sterile
filter paper. From one leaf, sections of ~1 cm? were cut with a ster-
ile scalpel and plated out independently in 90-mm-diameter Petri
dishes containing selective culture medium to determine the per-
centage of EC. The culture medium consisted of 20 g Sabouraud
Chloramphenicol dextrose agar (Biolife Italiana S. R. L., Monza,
Italy), 500 mg L™ Chloranphenicol (PanReac Applichem, Barce-
lona, Spain), 250 mg L™ Cycloheximide (PanReac AppliChem)
and 10 mg L™" dodine 65 WP (BASF, Barcelona, Spain) Inglis
et al>°. The last rinse water from each sample was plated sepa-
rately to confirm the effectiveness of the surface-sterilization pro-
cedure. All plates were incubated at 25 °C in darkness until fungal
growth was observed and then identified. For molecular detec-
tion and quantification of EC, the remaining surface-sterilized leaf
from each plant was individually ground to a fine powder using a
pestle and mortar in liquid nitrogen. DNA was extracted from
150 mg (wet weight) of each leaf using a HigherPurity Plant
DNA Purification Kit (Canvax Reagents S.L., Valladolid, Spain) fol-
lowing the manufacturer's instructions. DNA concentration was
determined using a Nanodrop 2000c spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). All DNA samples
were adjusted to a final concentration of 30 ng/pL. The quantity
of fungus present was determined using quantitative (q)PCR'®
with B. bassiana-specific primers based on B. bassiana BLOC inter-
genic region BbF 5-CACCATTCGCGGCCTGTTCT-3’ and BbR 5'-
CGTGGCGTGCGATGCGT-3'. For the PCR reaction, iTaq Universal
SYBR Green supermix (Bio-Rad, Hercules, CA, USA) was used in a
final volume of 10 pL, following the manufacturer protocol. The
gPCR reaction mixture contained 1 pL of the DNA sample, 5 pL
iTaq Universal SYBR Green Supermix and 0.3 pL of 10 pum of each
primer. Calibration curves were established by fitting the reaction
wells from 15 to 1.5 107> ng pL™" of B. bassiana DNA in melon
plant DNA. Throughout the process, plant DNA was consistently
maintained at 30 ng pL™" as a background; PCR reactions were
performed in triplicate for standard curves and samples. Quantita-
tive PCR was performed in CFX Connect Real-Time PCR Detection
System thermal cycler (Bio-Rad) under the following conditions:
denaturation (95 °C for 3 min), amplification repeated 39 times
(95 °C for 10 s, 65 °C for 30 s), denaturation (95 °C for 10 s), and
a final melting curve stage from 65 °C to 95 °C, with increments
of 0.5 °C every 5 s. The Cq values obtained from wells containing
melon leaf sample DNA were interpolated into the calibration
curves to quantify the relative amount of fungal DNA to total DNA.

2.3 Volatile collection from B. bassiana EC and control
melon plants of different cultivars

Melon plants from three different cultivars (Galia F;, Futuro and
Rinconete) were grown and treated (Section 2.2). For each culti-
var, three plants were sprayed with either a conidial suspension
of B. bassiana or with the aqueous control solution without

fungus. VOCs emitted by the entire treated and control melon
plants were collected 48 h post-spraying. VOC collection was
always conducted between 09:00 and 15:00 h to minimize poten-
tial effects of diurnal variation in VOC emissions and to ensure
comparability among treatments. VOCs were collected from the
six odour sources simultaneously using a volatile collection sys-
tem, OLFM-6C-ADS (VCS; Volatile Collection Systems Co LLC,
Gainesville, FL, USA). Plants were placed into sealed cylindrical
glass chambers as odour sources. A Porapak-Q™ adsorbent filter
trap (20 mg, 325 mesh; Volatile Collection Trap, https:/
volatilecollectiontrap.com/) was attached to each odour glass ves-
sel. Air entered the source vessels via Teflon tubing at a rate of
1.5 L min~" and was pulled through the trap at a rate of 1 L min™"
via Teflon-tubing, to collect VOCs over a 2-h period following a
method adapted from Turlings et al. (1998)*" (Fig. 1). All plants
were at the same phenological stage during VOC collection, and
volatile extraction from all plants across treatments was per-
formed on the same day post-treatment to ensure uniformity in
developmental stage. Once collection was complete, filter traps
were each eluted with 200 pL dichloromethane (Super solvent;
Merck, Dietikon, Switzerland). After collection, all olfactometer
parts were cleaned by first rinsing in tap water, then deionized
water, acetone and pentane, after which the parts were main-
tained for 12 h at 100 °C. Leaf samples were frozen at —80 °C for
further analysis to verify EC of the plants; this was done after the
experiment had finished to avoid damaging the plant and

— Air
4 outlet

100

Odour source
vessel

300

inlet

Figure 1. Schematic representation of the device used for collection of
volatile organic compounds (VOCs). Measurements in mm.
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triggering plant defences. The experiment was repeated once
with new plants and fungal inoculum.

2.4 Effect of VOCs from aphid-infested and EC plants on

C. carnea adult preference

The melon cultivar showing the strongest VOC response to B.
bassiana colonization was selected for olfactometer assays with
C. carnea adults. Lacewing responses to EC and control plants
were evaluated using a four-arm olfactometer (OLFM-6C-ADS;
V(CS).'® Six EC and six control plants were prepared; three from
each group were each infested with 10 adult female A. gossypii
aphids 48 h post-spraying with either the fungal or control solu-
tion. Lacewing behaviour was recorded 5 days postinfestation
with aphids. The four odour sources for evaluation (one per arm)
were: (i) aphid-infested EG; (ii) EC; (iii) aphid-infested control; and
(iv) control. Purified air entered each odour vessel at 1.5 L min~",
and VOC-laden air was drawn out at 1.0 L min™" per arm. Fifty
lacewings (25 males, 25 females) were tested individually by
placement in the olfactometer with the odours from each plant
set (four plants, one for each odour source). Each insect had 90 s
to choose an arm, enter and reach the elbow; otherwise, it was
recorded as ‘no choice’. Three independent plant sets were tested
using new insects and cleaned equipment each time. Tests ran
between 09:00 and 16:00 h to minimize diurnal variation in plant
volatile emissions and insect behaviour. During assays, VOCs were
collected from each of the four odour sources using a Porapak-Q™
filter system (OLFM-6C-ADS; VCS). After each test, olfactometer
parts were cleaned. Leaf samples were retrieved post-test to con-
firm EC. The same experiment was repeated on a second occasion
with new plant sets, insects and inoculum.

2.5 Gas chromatography-mass spectrometry (GC-MS)
analysis of VOCs collected from melon plants
Dichloromethane extracts from melon samples were analyzed by
direct injection into a Trace GC Ultra (Thermo Fisher Scientific)
coupled to an ISQ Single MS. Injections were in splitless mode
using an HP-FFAP column (50 m x 0.32 mm, 0.50-um film; SGE
Analytical Science/Trajan Scientific and Medical, Melbourne,
Australia). Helium was the carrier gas at 1.7 mL min~". The oven
temperature was initially 40 °C (3 min), then increased to 100 °C
by 8 °C min™", then 240 °C by 5 °C min™"' (held 3 min). The MS
used electron ionization (70 eV) in SIM mode. Transfer line and
source temperatures were 230 °C and 200 °C, respectively. VOCs
were tentatively identified by matching spectra with the NIST
library. LRIs were calculated using a C8-C21 n-alkane standard
as per Eqn (1).3?

LRI=100 x [((Rt.—Rt,))/((Rtn—Rty)) +n] (1)

where LRI is the linear retention index, Rt, is the retention time of
the target compound; Rt,, and Rty are the retention times of the
standard alkanes with n and N carbon atoms, respectively, and
n is the number of carbon atoms in the smaller alkane. LRIs were
confirmed using values from HP-FFAP and similar columns (DB-
Wax, ZB-Wax, HP-Wax) in the NIST library. Metabolites were
assigned confidence levels based on identification criteria.>
Semiquantitative analysis was done using Xcalibur Qual Browser
(Thermo Fisher Scientific). Supporting information Table S1 lists
the VOCs detected, including their retention times (Rt), experi-
mental and theoretical LRIs (IRexp, IRnist), ID level, CAS number,
match factor (MF) and reverse match factor (RMF).

2.6 Statistical analyses

Residuals of models evaluating the EC rates obtained from micro-
biological and molecular analyses, and from the dataset of volatile
compound peak areas were tested for normality and heterosce-
dasticity using Shapiro-Wilk and Levene’s tests. Variables that
failed one or more of these linear model assumptions were trans-
formed before analysis. Specifically, EC rates expressed as per-

centages were submitted to arcsin transformation (arcsin \/ﬁ)

and gPCR data were transformed using /x, whereas for volatile
peak areas the logarithmic transformation log (x+1) was applied
to meet normality assumptions.

Endophytic colonization results were analyzed using a two-
sample Student’s t-test (P < 0.05 for microbiological analyses
and P < 0.1 for gPCR analyses) between cultivars (cv. Galia versus
cv. Futuro, cv. Galia versus cv. Rinconete, and cv. Futuro
versus cv. Rinconete) and between treatments (B. bassiana EC
aphid-infested versus B. bassiana EC plants without aphids). All
statistical analyses were done using the software package StaTisTix
9.0 (Analytical Software, Tallahassee, FL, USA).

Data on the behavioural choices of C. carnea were analyzed using
two complementary analyses. First, generalized linear mixed models
(GLMM) with a Poisson distribution were performed to test the C. car-
nea behaviour. In each model, the response variable was the number
of C. carea making a treatment choice; the fixed factors were treat-
ment (control, aphid-infested plants, EC plants and aphid-infested EC
plants), C. carnea sex (male and female) and the interaction between
treatment and C. carnea sex; a random factor was experimental repe-
tition that is, the two occasions on which the experiment was done.
The Walt test was used to determine the significance of each fixed fac-
tor in the model. Additionally, a ztest for proportions was done for
each treatment option to evaluate whether any treatment was
selected above random expectation (25% in a four-choice design).
All analyses of behavioural choice were done using the statistical soft-
ware package R (v4.2.0; R Core Team 2021). Only those insects that
made a choice were included in the analysis.

Differences in volatile profiles related to the two factors studied
(cultivar and fungal treatment) were assessed by two-way analysis
of variance (ANOVA), followed by an LSD all-pairwise comparison test
(P < 0.05), using the software package Stamsnx 9.0 (Analytical Soft-
ware). To assess the impact of B. bassiana EC on the volatile profile
emitted by the plants, a multivariate statistical approach was applied.
partial least-squares discriminant analysis (PLS-DA), with a Jackknife
Leave-One-Out (LOO) cross-validation method and 99% confidence
intervals (Cl), principal component analysis (PCA) and hierarchical
clustering analysis (HCA) were done using XLSTAT Premium software
(v2019.4.1; Addinsoft, Barcelona, Spain) to identify differences in vol-
atile emissions. Comparisons were made between B. bassiana EC
and noncolonized control plants in cultivar assays, and amongst
aphid-infested EC plants, aphid-infested control plants, EC plants
and control plants, in the choice experiments. Additionally, indepen-
dent Venn diagrams were constructed to explore unique and shared
volatile compounds associated with B. bassiana EC and control melon
plants. Venn diagrams were generated using the online tool provided
by Bioinformatics & Evolutionary Genomics (https://bioinformatics.
psb.ugent.be/webtools/Venn/ accessed on 12 February 2025).

3 RESULTS

3.1 Detection and quantification of EC of melon plants

by B. bassiana

Microbiological and molecular techniques confirmed B. bassiana EC
in all fungal-treated melon plants used in the experiments.
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Beauveria bassiana was not present in samples from plants that
had been sprayed with the control solution either when they
were assessed microbiologically or when they were analyzed
by gPCR; no amplification products were observed. Moreover,
efficacy of the surface disinfestation procedure was confirmed
for all the samples; B. bassiana was not found in the last rinse
water.

Endophytic colonization rates in plants used to evaluate differ-
ences among cultivars (collected 48 h post-treatment) were
85.0 + 2.2% of the leaf tissue in melon plants cv. Galia; 80.00
+ 3.7% in cv. Futuro; and 73.3 + 4.2% in cv. Rinconete. The per-
centage of EC of leaf tissues was significantly greater in cv. Galia
than in cv. Rinconete (t = 2.33, P = 0.03). However, differences
were not significant for the other comparisons: Futuro versus Rin-
conete and Galia versus Futuro (t =1.13, P=0.28 and t = 1.08,
P = 0.30, respectively) [Fig. 2(A)]. Regarding the results obtained
by qPCR, there were no significant differences in quantity of
B. bassiana amongst the cultivars at « = 0.05, although there were
statistically significant differences at a = 0.1. The quantity of
B. bassiana DNA in melon samples from cv. Galia, cv. Futuro and
cv. Rinconete were 8.7 + 2.2 pg, 6.8 + 1.9 pg and 4.2 + 0.9 pg
B. bassiana DNA per 30 ng total leaf DNA, respectively. The quan-
tity of B. bassiana DNA per 30 ng leaf sample was greater in
cv. Galiathan in cv. Rinconete(t = 2.46, P = 0.08) [Fig. 2(A)]l. By
contrast, no significant differences in quantity of fungal DNA were
observed for the other comparisons; Futuro versus Rinconete, and
Galia versus Futuro (t=2.21, P=0.21 and t=0.55 P=0.9,
respectively).

Regarding the melon plants cv. Galia F; used in the lacewing
choice assay, no significant differences were found in the EC rates
when leaf samples from A. gossypii-infested plants and nonin-
fested plants were analyzed by microbiological methods (7 days
after the fungal treatment) (t = 1.17, P = 0.86). Endophytic coloni-
zation was 65.0 + 2.2% of the leaf tissue in plants that had been
infested with A. gossypii and 70.0 + 3.7% of the leaf tissue in non-
infested plants [Fig. 2(B)]. Similar results were obtained using
gPCR; no significant differences were found in the quantity
(pg) of B. bassiana DNA in leaf samples from A. gossypii-infested
and noninfested plants (2.5 + 0.8 pg and 1.7 + 1.0 pg B. bassiana
DNA per 30 ng total leaf DNA, respectively) (t = 0.61, P = 0.72)
[Fig. 2(B)].

3.2 Effect of EC by B. bassiana on the volatile profiles of
three melon cultivars
A total of 93 volatile compounds were tentatively identified across
the three melon cultivars (Galia, Futuro, Rinconete) under both B.
bassiana EC and control conditions. The identified compounds
included those naturally emitted by the plants, as well as com-
pounds either induced in the plants by the fungal treatment or
directly produced by the fungus. They were classified according
to their chemical nature as: alcohols (11), aldehydes (nine), ali-
phatic hydrocarbons (11), aromatic hydrocarbons (15), carboxylic
acids (six), esters (six), ethers (two), ketones (seven), nitrogen com-
pounds (two), phenols and phenolic derivatives (five), terpenes
(11) and miscellaneous (eight) (Supporting information Table S1).
Statistical analysis (two-way ANOVA) indicated that cultivar had
a significant effect on the emission of volatile compounds under
both control and EC conditions, (Table S2). Consistent with these
results, agglomerative hierarchical clustering analysis (AHC)
revealed that cultivar had a stronger influence on the overall vol-
atile profile than fungal treatment. This pattern is visually sup-
ported by the dendrogram (Fig. S1), which shows control and

treated samples from cvs Rinconete and Galia clustered together,
reflecting cultivar-driven similarities in volatile emissions regard-
less of treatment (Table S2; Fig. S1).

Given the strong influence of cultivar on the overall volatile
profile, a cultivar-specific analysis was done to evaluate EA
treatment-related effects. When agglomerative hierarchical clus-
tering combined with heatmap analysis (AHC-heatmap) was
applied individually to each cultivar, a clear separation between
EC and control samples was observed (Fig. S2). Based on these
results, PLS-DA was used to identify the volatile compounds con-
tributing most to differentiation between EC and control plants
(variable importance in projection, VIP > 1) (Fig. 3).

Principal component analysis was conducted with previously
selected data markers for each cultivar (data from the PLS-DA,
VIPs >1, and from ANOVA, P < 0.05) (Table S1; Fig. 3) to identify
VOCs associated with either control or EC plants, thus confirming
the relevance of these compounds in differentiating treatment
effects. Two principal components (PC1 and PC2) explained
85.0%, 85.8% and 92.5% of the total variance found in the data
for cvs Galia, Futuro and Rinconete, respectively (Fig. 4). PC1
accounted for the majority of variance in volatile profiles for cvs
Galia (74.6%), Futuro (69.8%) and Rinconete (85.5%). Amongst
total volatile compounds identified per cultivar, 39.8% (33 of 83;
24 quantitative and nine qualitative) in cv. Galia, 40.5% (36 of
89; 23 quantitative and 13 qualitative) in cv. Futuro and 34.2% in
cv. Rinconete (28 of 82; 16 quantitative and 12 qualitative)
showed significant differentiation between control and EC plants
(VIP > 1) and were considered marker compounds (VIP > 1 and
P < 0.05). Amongst these marker compounds, a substantial pro-
portion was emitted either exclusively or at higher concentrations
in EC samples: 79.4% in Galia, 36.1% in Futuro and 42.9% in Rinco-
nete (Table S1; Fig. 4). Conversely, 20.6%, 63.9% and 57.2% of the
markers were more abundant in control plants for Galia, Futuro
and Rinconete, respectively. These findings suggest that although
all cultivars exhibited changes in volatile emissions in response to
fungal treatment, the volatile emission profile of cv. Galia in
response to fungus showed the most pronounced changes, char-
acterized by a general increase in volatile production compared
with control plants [Fig. 4(A)l. Beauveria bassiana EC-induced
changes in the volatile profiles of Futuro and Rinconete (both
from the Piel de Sapo variety) generally corresponded to a
decrease in emission of specific marker compounds. This con-
trasts with cv. Galia, which exhibited a higher degree of EC and
a general increase in volatile production in response to fungal
treatment.

Marker compounds that were predominant or exclusive to
either control or EC samples are represented separately in Venn
diagrams (Fig. 5). Notably, 3,7-dimethyldecane, heptanoic acid
and octanoic acid, were exclusively emitted in control plants
across all three cultivars [Fig. 5(A)l. Some marker compounds,
example for, 2-methylundecanal, octadecane, pentanoic acid
and nonanoic acid, were commonly associated with control
plants of the Futuro and Rinconete cultivars (both cvs of the Piel
de Sapo variety) [Fig. 5(A)]. By contrast, no discriminant volatile
compounds were common between cv. Galia (var. Reticulatus)
and the other two cultivars [Fig. 5(A)].

Conversely, B. bassiana EC plants exclusively emitted the com-
pounds cis-3-hexenal and N,N-dimethyldodecanamine, across all
three cultivars [Fig. 5(B)]; these volatile emissions in response to
EC occurred likewise across all cultivars. Statistical analysis
revealed no significant differences in emission of N,N-
dimethyldodecanamine amongst cultivars (F =0.31, P = 0.74).
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Figure 2. Detection of endophytic presence of B. bassiana by microbiological techniques (upper bars) and by gPCR (lower bars) in melon plants inocu-
lated by a foliar spray with 5 mL of a conidial suspension (1.0 x 108 conidia mL™"). Plant samples were collected at the end of (A) the cultivar assay, 2 days
after foliar spray, and (B) the lacewing choice assay, 7 days after foliar spray and 5 days after aphid infestation initiated. Microbiologically determined
endophytic colonization is expressed as the percentage of melon leaf fragments in which fungal growth was observed (% mean + SE); molecular detec-
tion and quantification is expressed in fungal DNA pg relative to 30 ng total DNA per reaction. For qPCR quantification, bars represent the mean values of
three technical replicates from each of six independent biological replicates. For each method and experiment bars with different letters are significantly

different from each other as analyzed by Student's t-test (P < 0.05 for microbiological analyses and P < 0.1 for gPCR analyses).

Nonetheless, an effect of cultivar was evident for cis-3-hexenal
emission from EC plants; emission of this volatile was significantly
different amongst the three cultivars, being particularly high in
cv. Futuro (F = 3.87; P = 0.04). Furthermore, ocimene, hexahydro-
farnesyl acetone, benzenepropanol, hexanal and octaldehyde
were emitted in higher amounts by EC plants than controls in
cvs Galia and Futuro. Additionally, tetracosane and propylben-
zene were associated with the EC plants of the Galia—Rinconete
and Rinconete-Futuro cultivar pairs, respectively. Notably,
cv. Galia emitted the largest number of cultivar-discriminant VOCs
associated with B. bassiana colonization (19), indicating a mark-
edly stronger metabolic response compared with Rinconete
(eight) and Futuro (five).

After identifying the VOCs that distinguish between EC and
control plants, those shared by two or more cultivars, illus-
trated in the Venn diagrams, were analyzed using PCA. The plot
shows that PC1 enabled clear separation between control and
EC samples, whereas PC2 revealed trends related to cultivar-
specific responses. Specifically, Futuro and Rinconete exhibited
similar VOC profiles under control conditions, clustering in the
second quadrant. By contrast, after EC, Rinconete displayed
greater similarity in the emission of VOCs to the cv. Galia
(Fig. S3).

Amongst all of the identified discriminant compounds, key
compounds with known ecological functions were identified
and summarized in Table 1.

Taken together, these findings highlight cv. Galia as a promising
candidate for future studies, given its greater susceptibility to B.
bassiana-induced volatile changes, which may have implications
for plant-fungus-insect interactions. Thus, this cultivar was used
for studying predator preference.

3.3 Effect of EC by B. bassiana on predator preference
Only 32% of C. carnea adults chose one of the offered plants.
Lacewing sex did not affect choice behaviour; of those that made
a choice, 56.3% were females and 43.8% were males. Specifically:
37% of individuals chose EC plants infested with A. gossypii; 23%
chose aphid-infested control plants; 17% chose EC melon plants;
and 23% chose control plants (Fig. 6). However, there was no sig-
nificant differences in lacewing choice amongst treatments
(aphid-infested EC plants versus aphid-infested controls versus
EC plants versus controls) (GLMMs, y%s4¢ = 4.22; P = 0.23) nor
when sex was considered (GLMMs, 3% 4 = 0.31; P = 0.57).

In order to further assess whether any treatment was preferred
above random expectation (25%), a one-sample z-test for proportions
was performed; aphid-infested B. bassiana-EC plants were chosen
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Figure 3. Variable importance in projection (VIP) plots derived from PLS-DA, showing potential of volatile organic compound (VOC) markers to differen-
tiate between melon cultivar treatments: (A) Galia F1, (B) Futuro and (C) Rinconete. Numbers represent individual VOCs following the numbering in
Table S1. Red bars indicate VOCs with VIP scores >1, that are considered as significant as contributors to treatment separation; blue bars represent non-
influential compounds (VIP < 1).

significantly more often than expected by chance (z = 2.00, P = 0.02, Taken together, these results suggest that although direct com-
one-tailed), indicating a significant preference and no significantdevi- ~ parisons amongst treatments did not reveal significant differ-
ations from random choice were observed for the other treatments. ences, C. carnea adults exhibited a specific preference for aphid-
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Figure 4. Principal component analysis (PCA) of VOCs identified as markers (VIP >1 and P < 0.05) in B. bassiana EC and control plants from three melon
cultivars: (A) Galia, (B) Futuro and (C) Rinconete. Numbers represent individual VOCs contributing to separation of treatments as listed in Table S1. GC,
Galia control plants; GT, Galia B. bassiana EC plants; FC, Futuro control; FT, Futuro B. bassiana EC plants; RnC, Rinconete control; RnT, Rinconete B. bassiana
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Table 1. Key cultivar-specific volatile compounds identified as marker compounds in melon plants (cvs Galia, Futuro and Rinconete) with known
ecological functions in plant-insect interactions
Compound ID Compound Galia Futuro Rinconete Ecological function
Compound 2 Ethylbenzene ) Predator attractant
Compound 6 Cumene 1 Predator attractant
Compound 2 cis-3-Hexenal 1 1 1 Antimicrobial activity
Compound 10 p-Phellandrene 1 | Parasitoid attractant
Compound 16 Styrene | 1 Predator attractant
Compound 18 3,7-Dimethyl-decane ! 1 1 Antimicrobial activity
Compound 22 2-Heptanol 1 Repellent to phytophagous species

and predator attractant
Compound 29 cis-3-Hexenol 1 1 Parasitoid attractant
Compound 44 Linalool acetate 1 Aphid repellent
Compound 46 Caryophyllene 1 Aphid repellent
Compound 48 N,N-Dimethyldodecanamine 1 1 1 Antimicrobial activity
Compound 51 Acetophenone 1 Predator attractant
Compound 64 Geranyl acetone 1 Aphid repellent
Compound 70 Heptanoic acid l | | Antimicrobial activity
Compound 78 Octanoic acid | l | Antimicrobial activity
Compound 79 Cinnamaldehyde 1 Toxic and repellent to phytophagous species
Compound 85 Nonanoic acid 1 1 1 Antimicrobial activity
Compound 90 Cinnamyl alcohol 1 Pollinator attractant
Note: All identified compounds are listed in Table S1. Upward arrows indicate compounds emitted in higher quantities or exclusively in EC plants by
B. bassiana across the different cultivars. Downward arrows indicate compounds emitted in lower quantities or were absent in EC plants by B. bassi-
ana across the different cultivars.
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Figure 6. Olfactometer response of C. carnea (N = 48) to different VOCs
emitted by (i) an aphid-infested B. bassiana EC plant, (ii) a B. bassiana EC
plant, (iii) an aphid-infested control plant and (iv) a control plant that
was neither EC or aphid infested. The pie chart shows the percentage of
lacewings that entered an arm (dark grey) and the number of lacewings
that did not make any choice and remained in the centre of the olfactom-
eter (light grey).

infested, EC melon plants over the other treatments relative to a
random choice expectation.

3.4 Effect of EC by B. bassiana on volatile profiles from
aphid-infested melon plants of cv. Galia

A total of 83 compounds were tentatively identified, including
plant-derived, aphid-induced and fungal-induced compounds

belonging to the families of: alcohols (12), aldehydes (five), ali-
phatic hydrocarbons (nine), aromatic hydrocarbons (seven), car-
boxylic acids (one), esters (seven), ethers (two), ketones (five),
nitrogen compounds (four), phenols and phenolic derivatives
(four), terpenes (24) and miscellaneous (three) (Table S3).

The heatmap visualization enabled us to differentiate between
two main treatment groups: (i) noninfested plants, including con-
trol plants (plant only) and B. bassiana EC plants (plant + fungus);
and (ii) aphid-infested plants, including aphid-infested control
plants (plant + aphid) and aphid-infested EC plants (plant + fun-
gus + aphid) (Fig. S4). Moreover, PLS-DA identified discriminant
volatile compounds (VIP >1) that enabled separation, with a
higher relevance, between aphid-infested or noninfested plants,
regardless of whether they were EC (Fig. 7). The PCA done with
identified marker compounds (VIP >1 and P < 0.05) to assess var-
iation amongst EC and control samples in aphid-infested and
noninfested plants is illustrated in Fig. 8. The two principal com-
ponents (PC1 x PC2) explained 74.5% of the total variance in
the dataset, with PC1 accounting for 56.0% and PC2 for 18.5% of
variation. The first principal component (PC1), accounting for
the greatest variation, revealed the influence of several com-
pounds on the separation of aphid-infested from noninfested
plant  samples.  Cis-3-hexenol,  prenylacetone,  4-tert-
butylcyclohexyl acetate and [(2E)-4-phenyl-2-butenyl]lbenzene
were considered important contributors to group separation
and positively correlated with non-aphid-infested melon plants.
These compounds were found in higher concentrations or even
exclusively, as 4-tert-butylcyclohexyl acetate, in these samples
(Fig. 8; Table S3). Because this group includes both control sam-
ples (plants without EC or aphid infestation) and samples that
were EC only, we evaluated the influence of these compounds
within each group of plants (noninfested and aphid-infested
plants) (Table S4). Amongst these compounds, significant
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Figure 7. Multivariate statistical analyses of data on VOCs: (A, B) VIP plots of the first two components showing the most relevant VOCs (potential VOCs
markers, VIP > 1) distinguishing infested and noninfested melon plants; (C) PLS-DA score plot illustrating the separation of samples (model performance
parameters for two components: Q? cumulative = 0.723, R%Y cumulative = 0.884, R?X cumulative = 0.561), including correlations between VOCs and
melon samples. Numbers represent VOCs contributing to separation amongst treatments, as listed in Table S3. Red numbers correspond to VOCs corre-
lated with aphid-infested melon samples and blue numbers correspond to VOCs correlated with non-aphid-infested melon samples.
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Figure 8. Principal component analysis biplot (scores and loadings) of VOCs (VIPs >1 and P < 0.05) markers identified in melon plants contributing to the
differentiation between aphid infested (aphid-infested B. bassiana EC plant, PFA; aphid-infested control plant, PA) and noninfested (B. bassiana EC plant,
PF; and control, P) melon plants (n = 6 per treatment). Numbers represent VOCs contributing to the separation amongst treatments, as listed in
Table S3. P, Plant; PA, Plant + Aphid; PF, Plant + Fungus; PFA, Plant + Fungus + Aphid.

quantitative differences in emission were detected between EC
and nontreated (noninfested) plant samples for 4-tert-
butylcyclohexyl acetate (F = 12.32, P = 0.0009) and [(2F)-4-phe-
nyl-2-butenyllbenzene (F=6.25, P =0.0315). The emission of
4-tert-butylcyclohexyl acetate was significantly increased in EC
plants, whereas emission of [(2E)-4-phenyl-2-butenyl]lbenzene
was significantly reduced (Table S3).

Interestingly, some nonmarker compounds (VIP < 1) showed
significant differences in their emissions between EC and control
melon plants in the noninfested group; emissions of 2-hexenal,
cis-3-hexenyl acetate, 1-octen-3-ol and octylcyclohexane were
significantly reduced in EC plants compared with controls when
they were not infested by aphids (F = 12.57, P=0.01, F = 11.52,
P=10.01, F=561, P=0.03, F=10.75, P=0.01, respectively)
(Table S4).

By contrast, compounds such as farnesane, the isomer cis and trans
of limonene oxide, 3-methyltridecane, 23,5-trimethyldecane,
1,12-tridecadiene, 5-cyclohexyleicosane, heptadecane and 7-phenyltri-
decane, where positively correlated with aphid-infested melon plants,
regardless of whether they were EC or not (Fig. 8). Amongst these com-
pounds, 3-methyltridecane, 2,3,5-trimethyldecane and 5-cycloh
exylcosane were only found in aphid-infested melon plants, and there
were no significant differences in their relative abundance on aphid-
infested EC and aphid-infested nontreated plants (Table S3). Significant
quantitative variations between EC and control plants, both infested
with aphids, were only found for the compound 7-phenyltridecane,
which was emitted in higher concentrations from EC plants than from
control plants (F = 6.71; P = 0.0028) (Table S3).

Additionally, cinnamyl alcohol emissions, a nonmarker com-
pound with VIP < 1, differed significantly between EC and control
plants, both in aphid-infested and noninfested plants. For nonin-
fested plants, EC plants emitted higher concentrations of cinna-
myl alcohol than control plants (F = 5.57, P = 0.03). By contrast,
aphid-infested EC plants emitted significantly less cinnamyl alco-
hol than untreated aphid-infested plants (F=6.72, P =0.02)
(Table S4).

4 DISCUSSION

This study showed that B. bassiana can establish EC in three
melon cultivars, though colonization levels varied by cultivar, as
confirmed by microbiological and qPCR analyses. This suggests
a genotype-dependent response amongst cultivars that was inde-
pendent of variety. Endophytic colonization efficiency may
depend on host plant genotype, which affects plant physiology,
chemistry, structure and immunity, potentially explaining varia-
tion in colonization rates amongst melon cultivars through mod-
ulation of their interaction with B. bassiana.>*~>¢ Previous studies
have linked EC variability to crop species or fungal strain'"'*'S;
this study is the first to demonstrate cultivar-specific differences,
as prior work in sweet pepper did not correlate cultivar response
with colonization data."’

In the present study, cultivar-specific VOC alterations in
response to B. bassiana colonization were observed; in the case
of cv. Rinconete, this could be associated with its lower degree
of colonization and the consequently reduced modulation of
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VOC emissions. Nonetheless, the relationship between entomo-
pathogenic fungal EC and plant priming is not strictly dose-
dependent. Recent evidence demonstrates that low levels of
endophytic colonization or even a priming of the plants by fungal
contact, without endophytic colonization, can effectively activate
defence-related signalling pathways in cucurbits through jasmo-
nic acid (JA), salicylic acid (SA) and ethylene (ETH) routes.>” Thus,
the degree of volatile profile modification reflects not only the
abundance of the endophyte, but also the host-microbe interac-
tion developed in each cultivar.3”~*° Moreover, our study revealed
that, although both the genetic background (melon cultivar) and
the EC rate influence changes in VOCs production, B. bassiana col-
onization also induces alterations in these VOCs linked to other
unidentified factors.*' In this regard, B. bassiana EC melon plants
across all cultivars emitted common VOCs, cis-3-hexenal and N,N-
dimethyldodecanamine, which were absent in control plants, sug-
gesting a common B. bassiana EC-mediated response not associated
with either the cultivar or the variety. Our results showed that these
two compounds, which are known to have antimicrobial activity,
were initially (48 h postinoculation) induced as part of the plant early
defence response, whereas their production was subsequently sup-
pressed (7 days postinoculation).**** Previous studies have sug-
gested that the host initially perceives endophytes as external
agents, triggering systemic defences via ETH, JA, SA and auxin path-
ways.>”*> Once fungal growth is controlled, defence gene expres-
sion and antimicrobial metabolite production often return to
baseline levels>”** These findings provide a foundation for future
investigations into temporal dynamics over longer periods and in
practical field conditions. Additionally, cis-3-hexenal plays a crucial
role in attracting natural enemies such as parasitoids,*> which high-
lights the need for further research on its specific ecological impact
in other entomophagous species, including lacewings. Interestingly,
several compounds such as 3,7-dimethyldecane, heptanoic acid,
octanoic acid and nonanoic acid, with reported antimicrobial
activities,**™*® were not detected in B. bassiana EC plants across all
cultivars, but were present in the volatile profiles of control plants;
this might reflect a metabolic adjustment associated with the
fungus—plant relationship.** Nevertheless, both qualitative and
quantitative differences in VOCs emitted by each cultivar between
EC and control plants suggest that part of the plant response to EC
is cultivar-specific.'**°

A key finding of our work is that B. bassiana colonization
modulates plant chemical defences influencing key plant-insect
interactions related to crop protection. For example, VOCs emit-
ted at significant levels across one of the three cultivars include
allomones, which act as repellents for phytophagous insects,
and synomones, which attract natural enemies. In cv. Galia, cis-
3-hexenol, p-phellandrene (parasitoid attractants), linalool ace-
tate, caryophyllene and geranyl acetone (aphid repellents) were
emitted in higher quantities in B. bassiana EC plants.’'">* Notable
emissions in cv. Futuro were 2-heptanol, which is a known repel-
lent of insect pests and attractant of predator species,®*>> and cin-
namaldehyde, which is toxic and repellent to phytophagous
species.’®*’ It is worth noting that cinnamyl alcohol has been
identified as a bee attractant, supporting our previous finding that
B. bassiana colonization was associated with enhanced plant pro-
ductivity via pollinator attraction.'®*® Lastly, in EC plants of
cv. Rinconete, we found higher production of the aromatic com-
pounds ethylbenzene, cumene, styrene and acetophenone than
in control plants; all of these are attractants of predator spe-
cies.>>®° The defensive potential of B. bassiana-colonized plants
for biological control beyond lethal and sublethal effects on crop

pests is underscored by the fact that each cultivar has unique
genetic mechanisms for responding to fungal colonization which
result in production of distinct VOCs, but all are aimed at protect-
ing the plant. The distinct endophytic fungal response in the dif-
ferent melon cultivars raises new questions about how these
changes in the VOCs profile might influence attraction of damag-
ing pests but also beneficial insects, especially under field condi-
tions where insects could have the potential to make choices
between EC and non-EC plants. Recent studies have shown that
B. bassiana EC can significantly influence interactions amongst
plants, insect pests and their natural enemies.* In particular, it
has been suggested that B. bassiana-colonized plants emit VOCs
that attract larvae of the generalist predator C. carnea.’® The pre-
sent study advances this line of research by providing the first
report exploring the multitrophic interactions involving EC plants,
aphids and an adult generalist predator. From an applied IPM per-
spective, knowledge of cultivar-specific VOCs induced by B. bassi-
ana EC could be leveraged to select cultivars that enhance
indirect plant defences by attracting beneficial insects, or to fur-
ther promote this attraction in cultivars where an increase in these
volatile attractants was not observed using additional tech-
niques.®’ Nonetheless, this effect should be confirmed under field
conditions.

Cultivar Galia was selected owing to its higher EC rate compared
with the other melon cultivars assessed, and the presence of more
discriminant VOCs indicative of such volatile profile alteration by
the EC.

It should be noted that it was observed a relatively low response
in the lacewings, which is consistent with observations frequently
reported in insect olfactometer choice experiments.'®%%¢3 Such
variability may result from physiological or behavioural differ-
ences among individuals, handling stress or suboptimal experi-
mental conditions that are difficult to control.

Moreover, when the presence of B. bassiana in melon plants
used in choice assays was verified and quantified using both
microbiological and molecular techniques, no significant differ-
ences in the degree of EC were observed between aphid-infested
and noninfested plants. This study is the first to assess the effect of
aphid feeding on endophytic colonization, considering only the
absence of aphids and a single density of 10 adult aphids per
plant. These results establish a foundation for future studies, in
which a broader range of aphid densities could be evaluated to
unravel whether a threshold exists beyond which endophytic col-
onization intensity may decline and/or volatile emissions may
change, altering natural enemy attraction.5*%°

Regarding lacewing behaviour results, they revealed no signifi-
cant differences in adult lacewing preference among any of the
offered options (EC and control plants; aphid-infested and nonin-
fested plants). Nonetheless, targeted analysis revealed that lace-
wings selected EC plants infested with aphids significantly more
frequency than predicted under a random distribution. This sug-
gests potential for specific attraction to plants that were simulta-
neously colonized by the fungus and infested by aphids. Plants
that were both EC and aphid-infested elicited a measurable,
interaction-driven response, in which the combination of fungus
and aphids altered the plant odour and produced a small but
detectable bias in lacewing orientation, which arises from their
combined effect rather than from either factor alone. Thus, we
can hypothesize that there would be a trend toward increased
attraction of adult lacewings to EC- and aphid-infested plants
under field conditions compared with the other choices which
we offered in the olfactometer assay. This implies that the benefits

wileyonlinelibrary.com/journal/ps

© 2026 The Author(s).

Pest Manag Sci 2026

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

25U80 17 SUOWILIOD BRI 3]0l ke 3} Ad PaURAS 8.2 SOOI VO ‘95N J0 S [N 0 ATIdIT aUIIUO /311 UO (SUOTIPUOD-PUE-SLLLBILCO" 8|1 ATeJGIIPUIIUO)//ST1IL) SUOIIPUOD) PUB SW | au) 95 *[9202/20/80] Uo A1 auliuo Aa1im eAb|y 0Q apepsAIN AQ 68602 ST/Z00T OT/10p/w00Aa 1 AXe.q 1jBu! JUO'S U0 (10s//:Sdy WoJj Papeojumod ‘0 ‘866v9zST


http://wileyonlinelibrary.com/journal/ps

Endophytic Beauveria induces melon cultivar-specific volatiles and lacewing attraction

@)
SClL

where science
meets business

WWW.S0Ci.org

conferred by the fungus may become evident upon pest attack,
functioning as a bodyguard.®®

For example, VOC analysis showed that aphid infestation
reduced cis-3-hexenol and cis-3-hexenyl acetate emissions in con-
trol plants, but not in those colonized by B. bassiana, where levels
remained stable. As these compounds attract lacewings, EC plants
may attract more lacewings under field conditions.>>®” This also
was the case for the VOCs 7-phenyltridecane, 1,12-tridecadiene,
heptadecane, farnesane and cis-limonene oxide that were emit-
ted at higher quantities only in B. bassiana EC plants infested with
aphids. However, these compounds were detected in similar
amounts in non-aphid-infested plants, regardless of whether they
were EC or controls, indicating that their higher emission in aphid-
infested EC plants emerges from the combined effect of aphid
damage and endophytic colonization at the level of overall vola-
tile profile, rather than from pairwise differences between treat-
ments. This may partially explain the limited effect observed on
C. carnea adult behaviour in the olfactometer assays. The
response also could be to the result of EC reducing emission of
other compounds that attract lacewings, such as D-limonene.?®

Heptadecane is not only an attractant and oviposition stimulant
for phytophagous species, but also an attractant of aphid
parasitoids.°®””" Our findings suggest that the increased emission
of heptadecane by aphid-infested B. bassiana EC plants not only
affects herbivore behavior, but also could enhance host location
by aphid parasitoids, thereby contributing to modulation of tri-
trophic interactions. Indeed, aphid parasitoid attraction by EC
plants has been recently reported.””" Interestingly, farnesane is
a plant-derived compound produced in response to herbivore
attack.”? It also has been identified as a hydrogenation product
of p-farnesene, which was first discovered as an aphid alarm pher-
omone and plays an important role in aphid communication, par-
ticularly in predator avoidance.?*”%73 Thus, the higher emission of
p-farnesane by B. bassiana-colonized plants infested with aphids
suggests a bodyguard-like synergistic effect of combined aphid
infestation and fungal colonization, in which EC primes the plant
for a stronger defence response. Cis-limonene oxide has been
reported as an essential oil component with known antimicrobial
and insect-repellent properties. The increased emission of cis-
limonene oxide in aphid-infested EC plants suggests a
bodyguard-like role in the plant defence mechanism against phy-
tophagous insects.

In summary, several of the VOCs identified across experiments
are known to mediate plant-insect interactions, reinforcing the
ecological relevance of the observed chemical changes. In the cul-
tivar experiments, B. bassiana EC plants increased the emission of
cis-3-hexenol, cis-3-hexenal, f-phellandrene, linalool acetate, car-
yophyllene and geranyl acetone, compounds broadly recognized
as repellents of herbivores and attractants of parasitoids.*>>'~>* In
the choice experiments, aphid-infested EC plants released higher
levels of heptadecane, farnesane and cis-limonene oxide, which
have been reported as olfactory cues involved in repellence of
herbivores, aphid alarm signalling and parasitoid host
location.>*¢87%72=74 Together, these volatiles represent potential
chemical markers of plant defence activation, serving as indirect
plant defences as olfactory cues for the recruitment of natural
enemies under field conditions. Our findings may have practical
implications for melon breeding and crop management, as
cultivar-dependent VOC responses to B. bassiana endophytic col-
onization could be considered when selecting varieties with
improved capacity to recruit natural enemies or enhance indirect
defences under field conditions. Although further targeted

analyses are required to evaluate volatile responses evolution
over time, lacewing responses to individual compounds and their
blends, as well as their behaviour under field conditions, this
study provides a foundation for exploiting endophytic fungi
within IPM strategies that combine biological control and plant-
mediated indirect defences.

5 CONCLUSIONS

The present research approach provides insight into the trophic
melon-aphid-lacewing predator cascade. Endophytic coloniza-
tion by B. bassiana drives emission of plant- and cultivar-specific
VOCs that affect the success of biological control strategies by
triggering indirect bodyguard-like defences involving natural
enemies. Nevertheless, further studies should validate these
results using other fungal strains and aphid densities, as well as
test the lacewing exposure to individual compounds and their
blends. These results represent the basis for future research under
field conditions.
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