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HIGHLIGHTS

e Trichoderma harzianum volatiles increase Acanthoscelides obtectus adult mortality.

o T. harzianum volatiles reduce A. obtectus emergence and bean damage.

e ergl (squalene epoxidase) silencing rises insect mortality, reducing adult emergence and bean damage.
e Ventilation plays a key role in microbe-insect volatile interactions.

e VOC Chambers are a reliable technology to test in vitro microbe-insect volatile interactions.

ARTICLE INFO ABSTRACT

Keywords: Biological interactions mediated by Biogenic Volatile Organic Compounds (BVOCs) is a well-established field
T”'Ch"de’m? that has been researched for decades. Although extensive focus is currently given to the control of insect pests
\A]((:;Igﬂwscelldes using natural molecules, the study of volatile interactions between microorganisms and insects has been largely

neglected and has only begun to attract more attention in recent years. In this work, we developed a novel
protocol to assess the effects of microbial BVOCs directly produced by growing microbial strains on dry grain
insect pests and the seed damage they cause, using VOC Chambers to evaluate both sealed and unsealed con-
ditions. Four Trichoderma harzianum strains were tested against Acanthoscelides obtectus, a wild type and three of
its transformants. These had been previously obtained by introducing the tri5 gene and thus overproducing the
volatile trichodiene, or by silencing the ergl gene, which encodes for a squalene epoxidase, therefore reducing
ergosterol levels and increasing squalene ones in the fungus. Results demonstrated that ventilation plays a key
role in these interactions. All fungal strains significantly increased adult mortality in sealed conditions, while this
effect was barely noticeable in unsealed ones. Nevertheless, subsequent insect emergence from bean seeds and
bean damage were still significantly reduced in both conditions. The ergl silenced strains caused significantly
higher levels of adult mortality than the rest in sealed conditions and lower insect emergence in both sealed and
unsealed ones. Bean damage produced by insects was lower also when exposed to BVOCs from these strains in
sealed conditions. Conversely, trichodiene overproduction did not show enhanced toxicity or significant
reduction of insect emergence and bean damage in the tested conditions. Therefore, T. harzianum BVOCs,
especially those from ergl silenced strains, should be further researched for their potential use in the biological
control of A. obtectus infestation in dry grain storing facilities. VOC Chambers have shown themselves to be a
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reliable method in the screening of in vitro volatile mediated interactions between growing microbial strains and

insect pests.

1. Introduction

The bean weevil Acanthoscelides obtectus (Say) (Coleoptera: Chrys-
omelidae: Bruchidae) is one of the pests with a higher worldwide impact
on stored legume seeds (Baier and Webster, 1992; Berger et al., 2017)
which in turn poses a significant threat to food security as legumes play a
pivotal role in human nutrition, especially regarding protein intake
(Casquero et al., 2006; Sanon et al., 1998). This species, originated in
Mesoamerica, has now spread worldwide (Berger et al., 2017), affecting
both modern industrial storage facilities (Rodriguez-Gonzalez et al.,
2019) and traditional producers in low-income countries (Paul et al.,
2009). The weevil attack can start in the fields or directly in storage,
where the pest produces most of the damage (Baier and Webster, 1992).
Female adults lay their eggs among the seeds, and the larvae bore holes
to penetrate them, where they feed and develop until the new adult
emerges (Berger et al., 2017). The damage caused to the seeds lowers the
quality of the product, generates considerable loss of profit, and can
even affect their ability to germinate, therefore jeopardizing further crop
productivity (Paul et al., 2009).

Much of the conventional control strategy against this pest relies on
the use of synthetic chemical insecticides (Rodriguez-Gonzalez et al.,
2018). Nevertheless, issues concerning health and environmental haz-
ards, as well as the arising of pest resistance (Herrera et al., 2015), have
led to Integrated Pest Management perspectives, including biological
control, as an important way of addressing these challenges. In this re-
gard, the role of Biogenic Volatile Organic Compounds (BVOCs) and
their biocontrol capabilities have been studied for decades (Cordovez
et al., 2015; Dukare et al., 2019; El Ariebi et al., 2016; Morath et al.,
2012; Ponce et al., 2021; Schulz-Bohm et al., 2017). BVOCs are small
molecules of volatile nature produced and emitted by living organisms
(Herrman, 2010). They serve a multitude of purposes in inter-
organismic relationships, including recognition, competition, repel-
lence, or stimulation, and have been proven to mediate interactions
between microorganisms, plants, and animals, including insect pests
(Quintana-Rodriguez et al., 2015; Bueno et al., 2020; Alvarez-Garcia
et al., 2021; Taylor et al., 2021).

Numerous studies have been conducted confronting insects to plant
volatile extracts and essential oils (Paul et al., 2009; Rojht et al., 2012a;
Rodriguez-Gonzalez et al., 2019; Gokturk et al., 2020; Palla et al., 2020).
Regarding microbe-insect volatile interactions, research has been
strongly focused on behavioral responses exerted by individual or mixed
BVOCs on insects (Bueno et al., 2020; Gershow et al., 2012; Ponce et al.,
2021). Both attraction and repellence have been extensively reported as
effects produced by microbial BVOCs on stored-products arthropods
(Rodriguez-Gonzélez et al., 2018, 2019; Lozano-Soria et al., 2020; Ponce
et al., 2021). In addition, microbial BVOCs also produce toxicity in in-
sects, although research is less abundant. Herrera et al., (2015)
demonstrated that isolated fungal BVOCs have insecticidal properties
against Sitophilus zeamais. Inamdar et al. (2014)a,b and Zhao et al.,
(2017) reported toxic effects of fungal volatiles on Drosophila mela-
nogaster. Furthermore, some studies have explored the physiological and
molecular processes behind the effects produced by microbial BVOCs on
insects (Inamdar and Bennett, 2014; Inamdar et al., 2014a,b).

Among those Biological Control Agents (BCAs) producing active
BVOCs, Trichoderma stands out as one of the most studied and effective
fungal genera (Guo et al., 2020; Macias-Rodriguez et al., 2020). Several
investigations have demonstrated different effects produced by Tricho-
derma volatiles on plants (Cardoza et al., 2015; Hung et al., 2013; Lee
et al., 2019, 2016), as well as a strong influence on microbial meta-
bolism, growth, and development (Alvarez-Garcia et al., 2021; Dukare
et al.,, 2019; Mutawila et al., 2016; Taylor et al., 2021; Wang et al.,

2018). Regarding their activity on insects, Trichoderma BVOCs have
been assayed on Drosophila as a model organism, producing a variety of
toxic effects, ranging from increased mortality to apoptosis and devel-
opmental issues (Inamdar et al., 2014a,b; Zhao et al., 2017).

Notwithstanding the referred studies, the assessment of the effects
produced by microbial BVOCs on insects and insect pests still faces a
range of limitations derived from the volatile nature of the compounds
and the shortage of reliable material and protocols to perform direct
volatile-mediated interaction assays between growing microbial col-
onies and insects. Behavioral responses to volatiles are mostly assayed
using olfactometers and similar devices (Ponce et al., 2021). These
methodologies are usually designed to test attraction and repellence but
not insecticidal activity. Additionally, wind tunnels, video tracking,
Petri dishes setups, and vial assays have been employed to evaluate
different volatile interactions (Gershow et al., 2012; Ponce et al., 2021;
Rojht et al., 2012b). Most of these techniques could be adequate to
assess purified volatiles but are ill-suited when evaluating the effects of
directly produced BVOCs by growing microbes. In this regard, [namdar
et al. (2014)a,b developed a system to evaluate the effects of microbial
volatiles on D. melanogaster by perforating the lids of Petri dishes.
Although this study presented an interesting approach, it relies on non-
specific material and handmade modifications that may compromise
homogeneity and replicability. Moreover, these researchers only eval-
uated the effects of VOCs in sealed conditions. The importance of
ventilation and gas exchange for inter-organismic volatile interactions
has been pointed out and demonstrated by previous studies (Alvarez-
Garcia et al., 2021; Kai et al., 2016; Piechulla and Schnitzler, 2016). In
this regard, specific VOC Chambers have been developed to perform
standardized microbe-microbe volatile-mediated interaction assays
(Alvarez-Garcia et al., 2021).

Therefore, in this study, VOC Chambers (Alvarez-Garcia et al., 2021)
were used to expose A. obtectus adults to the BVOCs produced by four
T. harzianum strains, a wild type (T34) and three of its transformants.
Two of them (T34-5.27 and E20-5.7) overproduce the volatile tricho-
diene, while the other (E20) presents a reduction in ergosterol produc-
tion and a subsequent accumulation of squalene (Cardoza et al., 2006;
Malmierca et al., 2015a,b; Lindo et al., 2020), an intermediate com-
pound in several important biosynthetic pathways although usually not
present in volatile state. These strains have also been tested for their
activity against phytopathogenic fungi (Alvarez-Garcia et al., 2021;
Taylor et al., 2021) and their effect on plant development and meta-
bolism (Malmierca et al., 2015a,b; Lindo et al., 2020; Taylor et al.,
2021). Besides, regarding microbe-insect interactions, Rodriguez-
Gonzalez et al, (2018, 2019) demonstrated that the squalene-
overproducing strain E20 repelled A. obtectus adults of both sexes, and
therefore reduced the damage they produced on beans. Moreover, all
four strains significantly increased levels of insect mortality compared to
the untreated controls. Nevertheless, in that study the fungal spores
were sprayed over the beans and the insects entered in contact with
them afterwards, making it difficult to evaluate whether the rise in
mortality and the subsequent reduction of insect emergence and bean
damage were directly caused by the microbial BVOCs or rather involved
other interactions, like entomopathogenic activity or the production of
toxic soluble metabolites.

We hypothesize that T. harzianum BVOCs exert biological effects on
A. obtectus without the need for physical contact between insect and
fungus and that ventilation plays a key role in these interactions. We also
hypothesize that the genetic modifications of T. harzianum leading to
trichodiene overproduction or altering squalene/ergosterol levels
modify the outcome of these volatile interactions. Our final hypothesis
was that VOC Chambers could be effectively used for the development of



S. Alvarez-Garcia et al.

a reliable protocol to evaluate microbe-insect volatile interactions.
Therefore, our goals were: i) to determine the effects of T. harzianum
BVOCs against A. obtectus in volatile-mediated interaction both in sealed
and unsealed conditions, ii) to evaluate the subsequent influence of this
volatile activity on the damage produced by A. obtectus on bean seeds,
iii) to develop a reliable method for the assessment of microbe-insect
volatile interactions using the VOG Chambers described by Alvarez-
Garcia et al., (2021), and iv) more specifically, to develop a protocol to
assess the effects of BVOCs produced by growing microbial strains on
dry grain storage pests and their impact.

2. Materials and methods
2.1. Microbial strains and culture conditions

Four T. harzianum strains were used to evaluate the effects of their
BVOCs on A. obtectus. Among them, the parental strain T. harzianum
CECT 2413 (Spanish Type Culture Collection, Valencia, Spain) (T34
from now onwards) is a well-characterized biocontrol agent (Cardoza
et al., 2006; Malmierca et al., 2015b; Taylor et al., 2021). T. harzianum
E20 derives from T34 by silencing the ergl gene, which encodes the
squalene epoxidase. This modification resulted in the accumulation of
squalene and the reduction in ergosterol levels (Cardoza et al., 2006).
The other two transformants, T34-5.27 and E20-5.7, derive from T34
and E20, respectively, by expressing the T. arundinaceum tri5 gene that
encodes a terpene cyclase involved in the cyclization of farnesyl
diphosphate (FDP) to trichodiene (Malmierca et al., 2015a, b). There-
fore, trichodiene was overproduced by these transformants. This com-
pound is the first specific intermediate in trichothecene biosynthesis and
the only one of volatile nature in this pathway. Due to the accumulation
of FDP in the E20 strain as a result of the silencing of ergl, and its
subsequent channeling towards the formation of trichodiene, the pro-
duction of this last metabolite in E20-5.7 has been demonstrated to be
significantly higher than in T34-5.27 (Malmierca et al., 2015a, b).

All fungal strains were stored in 50% glycerol spore suspension at
—80 °C in the “Pathogens and Antagonists Collection” at the “Pest and
Diseases Diagnosis Laboratory” (PALDPD, University of Leén, Ledn,
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Spain), and were activated by culturing on PDA (Potato Dextrose Agar;
Difco Becton Dickinson, Sparks, MD) at 25 °C.

2.2. Bean seeds and insect rearing

The dry bean seeds (P. vulgaris) employed in this study belonged to
the “Rin6én Menudo” landrace and were collected during the year 2020
from the Protected Geographical Indication PGI “Alubia de La Baneza-
Leon” (EC Reg. n.256,/2010; March 26th, 2010, OJEU L880/17).

The population of A. obtectus used in the present study was collected
in successive years from several dry bean storage facilities belonging to
the PGI “Alubia de La Baneza-Le6n”. Insects were maintained and
reproduced in 4 L glass jars containing the aforementioned bean seeds,
and were kept in a controlled chamber with 25 + 1 °C, relative humidity
of 60 + 5%, and darkness. All adults were removed from the jars 3 days
before setting up the experiments, ensuring a homogeneous population
of newly emerged 1 to 3 days-old insects to be introduced in the assays.

2.3. Effects produced by Trichoderma BVOCs on the mortality of
A. Obtectus adults

Non-vented VOC Chambers (J.D. Catalan S.L.; Arganda del Rey,
Madrid, Spain) as described by Alvarez-Garcia et al., (2021) were used
to perform the assays. These devices are composed of a lower and an
upper Petri plate separated by a perforated intermediate piece that holds
them in place facing one another, and thus forming a chamber that al-
lows the flow of BVOCs from one plate to the other through a 30 mm
central hole in the intermediate piece.

A novel protocol was designed and performed as follows (Fig. 1).
Plugs (6 mm in diameter) from the fresh edge of 3 days-old colonies of
the four T. harzianum strains were placed in the center of Petri dishes
containing 18 ml of PDA. After two days of growth at 25 °C, the lids were
removed, and the plates with the fungal culture were covered with an
intermediate piece from the VOC Chambers, which was in turn covered
with an autoclaved cellophane membrane and filter paper on top to
allow fungal volatiles to pass through the hole while at the same time
avoiding potential contamination by fungal spores and insects or bean

Fungus plate &
cen'tral piece
Accumulated mortality discarded
daily record, 16 days n
/" ~ /’ -' _‘

Daily emergence
record, 23 days

Data collection

~  Bean weight
=X »  Affectedbeans
- ~  Holes per bean

~  Holes per replicate

Fig. 1. Schematic representation of the protocol carried out using VOC Chambers (Alvarez-Garcia et al., 2021) to evaluate the effects of T. hargianum BVOCs on

A. obtectus adults and the damage they produce to bean seeds.
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seeds falling onto the lower plate. Immediately afterwards, 20 unsexed 1
to 3 days-old A. obtectus adults and 40 undamaged bean seeds were
placed over the filter paper and were finally covered with an upside-
down Petri plate base to close the full VOC Chamber. The weight of
the beans in each replicate was measured and recorded beforehand.
Non-cultivated Petri plates with 18 ml of PDA were used as control
treatment.

Two different sets of experiments were performed. A first one
involved both Petri plates being sealed with the intermediate piece using
3 layers of Parafilm® (Bemis, E-Thermo Fisher Scientific, Madrid) to
provide a more closed environment. This setup limits gas exchange with
the exterior and allows for the build-up of higher BVOC concentration
inside the chamber (sealed assay from now onwards). In the second
assay, only the lower Petri plate was sealed with three layers of Paraf-
ilm®, leaving the upper plate unsealed. This disposition forces BVOCs to
flow from the fungal culture to the upper plate, but at the same time
provides a more open setup, increasing gas exchange with the exterior in
the upper part of the chamber, and thus creates a lower BVOC concen-
tration and higher oxygen availability for the insects (unsealed assay
from now onwards). 5 replicates were performed per treatment.

Insects and beans were kept inside the VOC Chambers with the Tri-
choderma or the control plates for 16 days in a controlled chamber with
25 + 1 °C and relative humidity of 60 + 5%, while the mortality was
daily recorded. After this period, the VOC Chambers were flipped over,
and the intermediate pieces together with the plates with the fungal
cultures were removed and discarded. A. obtectus adults (most of them
dead by now) were removed from the experiment and stored at —80 °C
for later microbial isolation assays. The remaining plates, containing
only the bean seeds, were covered with a new lid after insect removal.
The Petri plates containing the bean seeds were kept in the same con-
ditions (25 + 1 °C, relative humidity of 60 + 5%) to allow a new gen-
eration of insects to develop inside them.

The fungal re-isolation was performed by placing 8 insect cadavers
on Rose Bengal-Chloramphenicol Agar medium to verify Koch postu-
lates and confirm that no Trichoderma spores had reached the insects
through the central hole, thus ensuring that direct contact between fungi
and insects was not interfering or jeopardizing the effects produced
solely by volatile interactions. The absence of Trichoderma growth was
checked after 7 days at 25 °C.

2.4. Effects produced by Trichoderma BVOCs on A. Obtectus
reproduction, and the subsequent damage caused by the insects on dry
bean seeds

The bean seeds coming from the previous section were checked every
day for newly emerged insects. After the first insect appeared, the
emerged adults were removed each day, and daily emergence was
recorded for the following 23 days (Fig. 1). The count was stopped at this
point to ensure that third-generation insects were not included in the
results while considering that the emergence of new adults consistently
ceased mostly around day 20.

After this emergence period, the 40 bean seeds from each replicate
were weighted, and the results were compared with those obtained at
the beginning of the assays. The percentage of weight loss (WL) was
calculated as follows: WL (%) = (IW — FW) / IW x 100. Where IW
represents the initial weight and FW the final weight. Besides, the
number of affected bean seeds (showing at least one exit hole) per
replicate, the total number of holes per replicate, and the number of
holes per affected bean were counted and recorded.

2.5. Data treatment and statistical analyses

All assays were designed following a General Linear Model (GLM),
with four fungal isolates plus the unexposed control. The cumulative
percentage of mortality was calculated as Mortality (%) = number of
dead insects / 20 x 100. The accumulated emergence was calculated by
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adding up the emerged insects on each replicate and day. Both per-
centage of mortality and accumulated emergence were transformed
using the arcsine transformation formula (Gomez and Gomez, 1984) to
perform the subsequent statistical analysis.

Data normality and equality of variances were assessed using Kol-
mogorov-Smirnovs and Leveneés tests, respectively. A one-way analysis
of variance (ANOVA) followed by Least Significant Difference (LSD) post
hoc test (p < 0.05) were used to determine differences between treat-
ments presenting normal and homoscedastic data. When these condi-
tions were not met, a non-parametric Kruskal-Wallis H-test was
performed, followed by a Mann-Whitney U test (p < 0.05). All statistical
analyses were carried out using IBM SPSS Statistics 26.

3. Results and discussion

3.1. Effects produced by Trichoderma BVOCs on the mortality of
A. Obtectus adults

The results presented in Fig. 2A show that the BVOCs produced by
three of the four T. harzianum strains significantly increase the mortality
of A. obtectus adults in sealed conditions compared to the control
treatment. In this regard, T34-5.27 was the only one not showing sta-
tistically significant differences with the control. Additionally, this
trichodiene-overproducing strain did not present differences with its
parental strain T34 either. In turn, T34 showed significantly higher
mortality than the control during the central days of the experiment
(from day 4 to day 9). Finally, E20 and E20-5.7 significantly increased
mortality, not only compared to the control but also to the other two
fungal strains. These differences were more apparent during the first
days of the assay, when adult mortality in the control treatment
remained below 10%, and not higher than 30% for T34 and T34-5.27,
while it rose to more than 60% for E20 and E20-5.7 on day 2, and
around 80% on day 4 (Fig. 2A). These results point out an enhanced
insecticidal activity in sealed conditions derived from the silencing of
ergl and the resulting accumulation of squalene and reduction in
ergosterol levels. Nevertheless, even though squalene can appear as a
volatile compound and be emitted by organisms in some cases (Dutton
etal., 2002; Jiang et al., 2015; Lanzon et al., 1994), it is better known for
its biological role as an intermediate in several important biosynthetic
pathways; for example, in the formation of hopanoids, and other tri-
terpenoids (Do et al., 2009; Jiang et al., 2015; Spanova and Daum,
2011). Squalene is sometimes also accumulated as a final product inside
the organism (Jahaniaval et al., 2000; Spanova and Daum, 2011).
Therefore, it is unlikely that squalene itself directly accounts for the
observed insecticidal effects.

Concerning trichodiene overproduction, T34-5.27 produced lower
mortality than T34, although not statistically significant. This absence of
significant differences in mortality between trichodiene overproducing
strains and their parental ones seems to indicate that this compound
does not possess significant insecticidal activity in the tested conditions.

Inorganic volatiles like CO3, NH3, or HCN cannot be completely ruled
out for causing part of the basal activity in both the wild type and its
transformants. pH changes derived from inorganic volatiles could also
be involved. Besides, oxygen availability is likely to influence the results
in these sealed conditions (Alvarez-Garcia et al., 2021; Kai et al., 2016),
especially with fast-growing microbes like T. harzianum. However, as
clear differences are shown between similar strains, we can reasonably
conclude that additional volatile traits other than the abovementioned
ones must be involved in the observed insecticidal activity.

Regarding unsealed conditions (Fig. 2B), mortality was generally
lower than in sealed ones for all treatments except the control and T34-
5.27, which showed similar trends in both cases. Differences between
treatments and the control were minimal in these unsealed conditions.
Only T34 stood out with a slightly higher mortality rate than the control
and E20, mainly during the first few days. Therefore, between sealed
and unsealed conditions a major reduction in the insecticidal properties



S. Alvarez-Garcia et al.

A Accumulated mortality (sealed)

Biological Control 169 (2022) 104868

Fig. 2. Accumulated mortality (%) of
A. obtectus adults in (A) sealed and (B) un-
sealed conditions exposed for 16 days to
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of E20 and E20-5.7 BVOCs was observed (Fig. 2), suggesting that the
previously described effects of the ergl silencing on insect mortality are
only applicable in closed environments with limited gas exchange with
the exterior. This, in turn, underlines the importance of ventilation and
gas exchange in volatile-mediated interactions between insects and
microorganisms, which had been already highlighted by previous
studies for microbial and plant interactions (Kai et al., 2016; Piechulla
and Schnitzler, 2016).

To confirm the absence of physical interaction between insects and
fungi, eight insect cadavers were taken from each replicate and were
cultured in Rose Bengal-Chloramphenicol Agar medium. T. harzianum
did not grow from any of the fungal treatments or the control, thus
confirming that the observed effects were the result of volatile-mediated
interaction and were not influenced by direct contact.

Trichodiene has been described as the only non-phytotoxic inter-
mediary in the trichothecenes’ biosynthetic route (Desjardins et al.,
2007). Nevertheless, trichodiene-overproducing strains have shown a

significant plant-growth inhibitory effect (Malmierca et al., 2015a) as
well as an increase in their antifungal activity (Alvarez-Garcia et al.,
2021, Taylor et al., 2021) compared to their non-trichodiene producing
parental strains. These reported effects somehow contrast with the lower
insect mortality obtained in the present study. Moreover, previous
research showed that BVOCs emitted by the squalene overproducing
strain E20 presented lower antimicrobial activity than the wildtype and
the trichodiene overproducers, especially in vented conditions where
this strain significantly promoted Fusarium oxysporum growth (Alvarez-
Garcia et al., 2021). Rodriguez-Gonzalez et al., (2018, 2019), on the
other hand, reported that the same trichodiene overproducers exerted
an attractant influence on A. obtectus adults, opposed to that of the ergl
silenced strains, which significantly repelled them. This, combined with
the enhanced insecticidal effects we described for E20 and E20-5.7
volatiles, could mean that A. obtectus adults are able to detect the
toxic BVOCs produced by these strains and then respond by moving
away from their source. This ties in with previous works that show the
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importance of olfaction in granivorous pests and the ability of the weevil
to respond to BVOCs (Giunti et al., 2018; Khelfane-Goucem et al., 2014).

Rodriguez-Gonzalez et al., (2018) reported that trichodiene-
overproducing strains increased insect mortality compared to their
parental strains (including E20) when spores were in contact with the
adults, indicating that the effects produced by the same microbial strains
vary greatly between volatile interactions and direct physical contact. In
this regard, while BVOCs produced by E20 and E20-5.7 demonstrate
important insecticidal properties here, these strains may present
reduced infectious capability derived from the blocking of ergosterol
production and/or squalene and FDP accumulation (Lindo et al., 2019).
On the contrary, trichodiene-overproducers seem to present enhanced
pathogenicity against A. obtectus adults but reduced volatile-mediated
insecticidal activity.
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3.2. Effects of Trichoderma BVOCs on A. Obtectus reproduction

Regarding adult emergence, day 1 was set for this assay when the
first insect emerged, and so from then on emergence was daily recorded
until day 23.

Accumulated emergence was lower in sealed than in unsealed con-
ditions for all treatments, including the control (Fig. 3), indicating that
oxygen limitation likely reduces the reproductive rate of the insects.
Nevertheless, this reduction was sharper when insects were exposed to
T. harzianum. In sealed conditions (Fig. 3A), the accumulated emergence
was strongly reduced by all fungal strains compared to the control
treatment. E20 and E20-5.7 produced lower emergence than T34 and
T34-5.27, with statistically significant differences between E20 and T34-
5.27. Furthermore, emergence was reduced to zero in more than half of
the replicates exposed to E20 and E20-5.7. These results tie in well with
those regarding adult mortality, as the higher mortality produced by the

A Fig. 3. Accumulated emergence  of
Accumulated emergence (sealed) A. obtectus adults in (A) sealed and (B) un-
180- sealed conditions during 23 days after
exposition to BVOCs produced by
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orange); T34-5.27 (trichodiene over-
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a1 silenced, face-down triangles, blue); E20-5.7
(ergl silenced and trichodiene over-
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60 4 significant differences between treatments
for the same day, using one-way analysis of
variance (ANOVA) followed by a Least Sig-
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ergl-silenced strains correlates fine with the lower number of newly
emerged insects on these treatments. In the same way, the control, with
the lowest percentage of mortality, presented the highest accumulated
emergence, followed by T34-5.27 and T34.

Insect emergence in unsealed conditions was also significantly
reduced by all fungal treatments compared to the control (Fig. 3B).
Nevertheless, this reduction was not as sharp as in sealed ones, sug-
gesting that fungal BVOCs also affect A. obtectus reproduction in more
open environments, though not as much as in closed ones. E20 and E20-
5.7 produced the lowest accumulated emergence, being somehow sta-
tistically significant during the first days of the assay compared to the
other fungal strains. Interestingly, in these unsealed conditions, the re-
sults seem not to correlate so well with the reported adult mortality. As
described, very small differences were observed between treatments
regarding adult mortality in unsealed conditions. Moreover, T34 and
T34-5.27 were the treatments that presented higher insect mortality,
albeit not statistically significant in many cases. However, E20 and E20-
5.7 still produced a stronger reduction in insect emergence. These
seemingly contradictory observations could be the result of increased
mortality produced by E20 and E20-5.7 BVOCs in preimaginal stages of
insect development (eggs, larvae) or derive from behavioral changes in
exposed A. obtectus adults. In this regard, several studies have demon-
strated that BVOCs exert toxic effects on preimaginal stages of insects
(Zhao et al., 2017) and other organisms (Hummadi et al., 2021), as well
as induce diverse behavioral responses in adults (Bueno et al., 2020;
Hategekimana and Erler, 2020; Ponce et al., 2021). Interestingly,
Rodriguez-Gonzalez et al., (2018) described a deterrent effect of E20
towards A. obtectus females when spores were sprayed over bean seeds.
Additional research should be conducted to clarify these aspects.

3.3. Effects of Trichoderma VOCs on the damage caused by A. Obtectus
on dry bean seeds

After 23 days, the following parameters were recorded: percentage of
affected beans; total number of holes per replicate; number of holes per
affected bean; and the percentage of bean weigh loss.

In sealed conditions, all fungal treatments significantly reduced these
parameters compared to the control (Table 1). Thus, 65% of the beans in
the control were affected, while this percentage dropped to 24.5% in
those exposed to T34-5.27 BVOCs, 16% with T34, 10% with E20-5.7,
and 4.37% with E20 (Table 1A). The number of total holes followed a
similar trend, with the control rendering a mean of 143.5 holes
(significantly higher than all fungal treatments), while the treatments

Table 1
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reduced it to 36.2, 17, 10, and 2.5 holes per replicate for T34-5.27, T34,
E20-5.7, and E20 respectively (Table 1A). The number of holes per
affected bean also differed between treatments, with the control
showing the highest rate (5.49 holes/bean). Differences were statisti-
cally significant between the control and the treatments. This parameter
is not presented for E20 and E20-5.7 in sealed conditions, as most of the
replicates did not show affected beans at all (Table 1A), thus making it
impossible to calculate. Finally, weight loss was significantly reduced by
all treatments compared to the control, with a reduction of 14.56% in
the control, 5.65% for T34-5.27, 3.57% for T34, 1.97% for E20-5.7, and
1.93% for E20. Differences were also statistically significant between
these last two squalene-overproducing strains and T34-5.27 (Table 1A).
The described results in sealed conditions indicate that the increase in
adult mortality produced by the fungal strains substantially reduces the
damage caused on bean seeds. As expected, this correlates in turn with
the reduced emergence of new insects, as the strains causing higher
mortality and lower emergence present lower bean damage as well.

Aluminum phosphide and phosphine have been used for decades as
the main active compounds in the control of pests inside storage facil-
ities, and their insecticidal activity and dynamics have been extensively
tested against many insects, including A. obtectus (Arora et al., 2021;
Arora and Srivastava, 2021; Hasan and Reichmuth, 2004; Hole et al.,
1976). Nevertheless, rising concerns regarding pest resistance, residue
persistence, safety, and toxicity advice in the search of more natural and
less harmful compounds (Bogle et al., 2006; Murali et al., 2009; Nayak
et al., 2020; Pérez Navero et al., 2009; Vardell et al., 1973). In this re-
gard, BVOCs could be an adequate potential substitute, as phosphine
acts in gaseous form (although mostly applied using tablets or granules)
inside closed storing facilities. The application of these compounds
could also be combined with controlled atmospheres.

In unsealed conditions, the effects on bean damage were less relevant
(Table 1B). The percentage of affected beans was still significantly lower
in all fungal treatments compared to the control, in which 67.5% of the
beans were affected. T34 rendered the highest percentage of affected
beans among the fungal treatments (58%), and T34-5.27 was the lowest
(43.5%). In this case, no differences were shown between the ergl-
silenced strains and the others. The number of total holes was higher for
all treatments compared to that obtained in sealed conditions, as ex-
pected from the reported increase in accumulated emergence. However,
all fungal treatments except the wild type T34 exerted a statistically
significant reduction in this parameter compared to the control (200
holes/replicate), with E20 presenting the lowest total number of holes
per replicate (116,6 holes/replicate) (Table 1B). Regarding the mean

Percentage of affected beans; total holes per replicate (40 beans); number of holes per affected bean; and percentage of bean weight loss in (A) sealed and (B) unsealed
conditions after 23 days of A. obtectus emergence from beans previously exposed to BVOCs produced by T. harzianum strains T34 (wild type); T34-5.27 (trichodiene
overproducer); E20 (ergl silenced); E20-5.7 (ergl silenced and trichodiene overproducer); and CC: untreated control (uncultured PDA medium). Different letters
represent statistically significant differences between treatments analysed by one-way analysis of variance (ANOVA) followed by Least Significant Difference (LSD)
post hoc test (p < 0.05), or non-parametric Kruskal-Wallis H-test followed by a Mann-Whitney U test (p < 0.05). NA: not applicable (this parameter could not be

mathematically calculated for the corresponding treatment and conditions).

(A) sealed

Treatment Affected beans (%) SE Stat Total holes SE Stat Holes per bean SE Stat Weight loss (%) SE Stat
CC 65.00 5.86 a 143.5 18.21 a 5.46 0.25 a 14.56 1.89 a
T34 16.00 4.65 be 17.00 8.57 b 2.27 0.43 b 3.57 0.84 be
T34-5.27 24.50 7.22 b 36.20 16.12 b 3.00 0.64 b 5.65 1.29 b
E20 4.38 4.38 c 2.50 2.50 b NA - - 1.93 0.30

E20-5.7 10.00 7.71 be 10 9.03 b NA - - 1.97 1.04 c

(B) unsealed

Treatment Affected beans (%) SE Stat Total holes SE Stat Holes per bean SE Stat Weight loss (%) SE Stat
cC 67.50 3.26 a 200.0 15.49 a 7.39 0.35 ab 14.17 1.86 a
T34 58.00 5.33 b 153.0 23.55 ab 6.47 0.62 ab 10.75 2.10 a
T34-5.27 43.50 3.32 c 135.6 11.91 b 7.84 0.57 a 9.94 1.09 a
E20 48.00 3.10 be 116.2 12.10 b 6.12 0.71 b 10.63 1.16 a
E20-5.7 47.50 7.37 be 131.6 23.35 b 6.91 0.42 ab 9.83 1.37 a
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number of holes per affected bean, no differences were observed be-
tween any of the treatments and the control, with statistically significant
ones only between E20 (6.12 holes/bean) and T34-5.27 (7.84 holes/
bean) (Table 1B). Finally, all treatments rendered a lower weight loss
(around 10%) than the control (14.17%), but none of them was statis-
tically significant. Interestingly, in all fungal treatments, these four pa-
rameters (percentage of affected beans, total number of holes, holes per
affected bean, and weight loss) showed a sharp increase when
comparing sealed with unsealed conditions (Table 1). Nevertheless, in
the control, the percentage of affected beans and the weight loss were
virtually the same in both conditions, even though the number of total
holes (and thus the number of emerged insects) rose from 143.5 4+ 18.21
in sealed conditions to 200 + 15.49 in unsealed ones (Table 1B). This is
likely due to a reduction in the size of newly emerged insects in unsealed
conditions, where the increased number of holes per bean (meaning
more insects growing inside each seed) arguably led to fewer resources
available for each insect during its development, and thus in smaller
adult size.

Therefore, the general reduction of insect mortality in unsealed
conditions for the four T. harzianum treatments produced an expected
increase in all parameters related to bean damage, especially regarding
those of E20 and E20-5.7, which showed the highest levels of mortality
and the lowest insect emergence in sealed conditions. Likewise the
observed pattern of insect emergence, fungal treatments E20 and E20-
5.7, even though they did not produce higher adult mortality than the
control in unsealed conditions, did nevertheless show a statistically
significant reduction in the percentage of affected beans, the total
number of holes per replicate, and even on the number of holes per
affected bean in the case of E20. This evidence indicates that fungal
BVOCs are also able to reduce bean damage produced by A. obtectus in
open environments, reinforcing the expressed hypothesis that processes
other than toxicity to adults play a role on the described results.

Further research should be conducted, both in sealed and unsealed
conditions, to determine the individual BVOCs or volatile mixtures that
present the described properties, as well as their means of action. This
could lead to de development of new strategies for the control of
A. obtectus infestation in dry grain storing facilities. Additionally, new
studies would be of great interest regarding the putative effects of these
BVOCs on other insect pests as well as the full extent to which VOC
Chambers could be of use in the field.

4. Conclusions

The VOC Chambers proved to be a reliable method to evaluate in
vitro direct volatile-mediated interactions between growing microor-
ganisms and insects. These devices represent a promising model for the
screening of putative bioactive microbial BVOCs against dry grain
storage pests, enabling both sealed and unsealed conditions to be tested.
T. harzianum BVOCs increased A. obtectus mortality, reduced insect
emergence from exposed beans, and reduced the overall damage pro-
duced by A. obtectus on bean seeds. These effects were stronger in sealed
than in unsealed conditions, highlighting the importance of ventilation
in microbe-insect volatile interactions. The ergl-silenced strains E20 and
E20-5.7 significantly increased mortality in comparison to the wild-type
T34 and its transformant T34-5.27 in sealed conditions, indicating that
the accumulation of squalene and reduction of ergosterol levels enhance
the insecticidal activity of T. harzianum BVOCs. These strains also low-
ered insect emergence and bean damage in both sealed and unsealed
conditions. Contrary, trichodiene-overproducing strains did not show an
increased activity compared to their parental ones, suggesting that tri-
chodiene does not possess insecticidal properties in the tested
conditions.

5. Availability of data and materials

The data that support the findings of this study are available from the
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corresponding author upon reasonable request. All microbiological
strains used in this study will be made available to researchers upon
reasonable request. VOC Chambers will be made available to researchers
upon reasonable request, unless commercial agreements reached with
third parties regarding the patent exploitation prohibit it (in which case
the VOC Chambers should be available in the market).
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