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Volatile compounds from soybeans under multiple on herbivores
infestations attract the predatory mite Neoseiulus californicus
(Acari: Phytoseiidae)

Compostos volateis da soja sob infestacdo mltipla de herbivoros atraem o acaro predador
Neoseiulus californicus (Acari: Phytoseiidae)
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Abstract

Plant-induced resistance can be an important component of soybean mites biological control programs. This work
evaluates the preference of predatory mite Neoseiulus californicus (Acari: Phytoseiidae) to soybean plants under
single and multiple herbivory conditions by two-spotted spider mite Tetranychus urticae (Acari: Tetranychidae),
and velvetbean caterpillar Anticarsia gemmatalis (Lepidoptera: Noctuidae). Using a Y olfactometer, the following
scenarios were evaluated: soybean with no infestation and soybean infested with A. gemmatalis; soybean infested
with T. urticae and A. gemmatalis, and soybean infested with T. urticae and with both T. urticae and A. gemmatalis.
Volatile compounds released by plants were analyzed and identified by a Trace GC Ultra gas chromatograph coupled
to a mass spectrometer with a solid phase micro-extraction ion-trap. The predatory mite N. californicus preferred
soybean plants infested with T. urticae compared to those infested with A. gemmatalis. Multiple infestation did not
interfere with its preference to T. urticae. Multiple herbivory of T. urticae and A. gemmatalis modified the chemical
profile of volatile compounds emitted by soybean plants. However, it did not interfere with the search behavior of
N. californicus. Out of the 29 identified compounds only five promoted predatory mite response. Thus, regardless of
single or multiple herbivory by T. urticae with or without A. gemmatalis, the indirect induced resistance mechanisms
operate similarly. As such, this mechanism contributes to an increase in the encounter rate between predator and
prey for N. Californicus and T. urticae, and the efficacy of biological control of mites on soybean.
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Resumo

Aresisténcia induzida por plantas pode ser um importante componente dos programas de controle bioldgico de
acaros da soja. Este trabalho avalia a preferéncia do acaro predador Neoseiulus californicus (Acari: Phytoseiidae)
as plantas de soja sob condi¢des de herbivoria simples e multipla pelo dcaro-rajado Tetranychus urticae
(Acari: Tetranychidae) e pela lagarta-da-soja Anticarsia gemmatalis (Lepidoptera: Noctuidae). Utilizando o
olfatdmetro Y, foram avaliados os seguintes cendrios: soja sem infestacdo e soja infestada com A. gemmatalis;
soja infestada com T. urticae e A. gemmatalis, e soja infestada com T. urticae e com T. urticae e A. gemmatalis.
Os compostos volateis liberados pelas plantas foram analisados e identificados por um cromatégrafo gasoso
Trace GC Ultra acoplado a um espectrometro de massas com uma armadilha de ions de microextracdo em fase
s6lida. O acaro predador N. californicus preferiu plantas de soja infestadas com T. urticae em relagdo aquelas
infestadas com A. gemmatalis. A infestacdo multipla ndo interferiu na preferéncia por T. urticae. A herbivoria
multipla de T. urticae e A. gemmatalis modificou o perfil quimico de compostos volateis emitidos por plantas de
soja. No entanto, ndo interferiu no comportamento de busca de N. californicus. Dos 29 compostos identificados
apenas cinco promoveram resposta de dcaros predadores. Assim, independentemente da herbivoria simples
ou mdltipla por T. urticae com ou sem A. gemmatalis, os mecanismos de resisténcia induzida indiretamente
operam de forma semelhante. Assim, esse mecanismo biolégico contribui para o aumento da taxa de encontro
entre predador e presa para N. Californicus e T. urticae, e para a eficacia do controle de dcaros em soja.

Palavras-chave: defesa indireta induzida, ecologia quimica, controle biolégico, resisténcia de plantas, manejo de pragas.

1. Introduction

Volatile organic compounds (VOCs) emitted by natural enemies to their prey or hosts, resulting in plant
plants when damaged by herbivores can to attract indirect induced defense mechanisms (van Poecke and
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Dicke, 2004; Leitner et al., 2005; Aartsma et al., 2017).
These VOCs vary according to presence of elicitor
substances that depend on type of oral apparatus of
herbivores (Heil, 2014). Multiple herbivores infestation
can induce emission of different VOCs (Dicke et al., 2009).
Chewing herbivores can commonly induce jasmonic acid
(JA) - mediated signaling pathways, whereas sucking
insects tend to trigger the route of salicylic acid (SA)
(Leitner et al., 2005; Yoneya and Takabayashi, 2014;
Aartsmaetal.,2017). When a plant is damaged by multiple
herbivores, the “crosstalk” phenomenon may be observed
between chemical routes to induce defense, in order
to adjust an appropriate mechanism against a specific
herbivore, guiding foraging of predators or parasitoids
(Pieterse et al., 2012; Heil, 2014).

Under multiple herbivory conditions, it is more
complicated to predict the response of natural enemies
regarding search behavior (Dicke et al., 2009), especially
in situations where arthropods feed simultaneously
on same plant (Zhang et al., 2009). It may modify the
VOCs produced by this interaction (Dicke et al., 2009).
Thus, interactions between herbivores associated with a
crop are influenced by several factors and plants respond
accordingly, to type and sequence of arthropods activity
(de Rijk et al. 2013).

Research on arthropod-plant interactions, which
aim to clarify how volatiles attract natural enemies to
herbivore-infested plants, usually evaluate only one species
of herbivore (Moraes et al.,2005). On the other hand, there
are few studies on arthropods responses to plants after
being submitted to multiple infestations, particularly, if
they belong to different feeding guilds (Zhang et al., 2009).
Moraes et al. (2005) evaluated the response of Telenomus
podisi Ashmead (Hymenoptera: Scelionidae) to soybean
plants under multiple infestations of Euschistus heros (F.)
(Heteroptera: Pentatomidae) and Anticarsia gemmatalis.
It was found that volatile compounds from the saliva of
E. heros directed the preference of its parasitoid to infested
plants. However, it did not respond to plants infested with
A. gemmatalis only.

Understanding the mechanisms and the interactions
between plants, herbivores and natural enemies under
multiple infestation conditions is fundamental to
selecting and managing crop varieties that are resilient
to environmental adversities, characterized by the
diversity of herbivore species (Giron et al., 2018). It is
also important in order to clarify the effect of induced
defense on the tritrophic interactions in the environment
in which the agroecosystem is inserted (Dicke et al., 2009;
Ponzio et al., 2016; Aartsma et al., 2017).

Soybean leaves are attacked by multiple herbivores such
as several species of Lepidoptera (Moscardi et al., 2012),
and by several species of mites such as green mite
Mononychellus planki, two-spotted spider mite Tetranychus
urticae among other species such as Tetranychus desertorum,
Tetranychus gigas and Tetranychus ludeni (Guedes et al., 2007;
Roggiaetal., 2008). There are still few studies investigating
the biological control of pest mites on soybean. The predatory
mite Neoseiulus californicus (McGregor) (Acari: Phytoseiidae)
may be a promising biological control agent.

Induced plant resistance, even if indirect, may be
an important component of biological control success.
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In this context, the rate in which the predatory mite
Neoseiulus californicus was attracted to soybean volatile
compounds under single and multiple herbivory of T. urticae
and A. gemmatalis was evaluated.

2. Material and Methods

Experiments were conducted at the Laboratory of
Agricultural and Forestry Entomology of the Federal
University of Sdo Jodo Del Rei (UFSJ) - Campus Sete Lagoas,
Minas Gerais, Brazil. Chemical analyzes were carried out at
the Chemistry Laboratory of the Federal University of Minas
Gerais (UFMG), in Belo Horizonte, Minas Gerais, Brazil.

2.1. Arthropod material

In order to establish colonies of T. urticae, seeds of bean
(Canavalia ensiformis) were germinated in plastic pots (6.3 L),
filled with substrate (Terral Solo®), and kept in anti-aphids
cages inside a greenhouse regulated to 25 + 5 °C. Mites were
previously collected from sorghum leaves (Sorghum bicolor)
at Embrapa Maize & Sorghum. Specimens of T. urticae
were visualized under a stereoscopic microscope and
transferred individually to the abaxial surface of C. ensiformis
leaves without phytosanitary treatments, kept in an
environment-controlled chamber (BOD) regulated to 25 +2°C,
70 = 10% of relative humidity and a 12 hour photoperiod.
Plant leaves were left abaxial side facing up and coated with
moistened cotton to prevent mites from escaping. Samples
were maintained on foam embedded in non-distilled water
inside of 20 x 30 x 5 cm plastic trays.

Larvae of velvetbean A. gemmatali, were obtained from
a colony maintained in the laboratory. Velvetbean larvae
and adults were fed an artificial diet of sugar solution
(Vilela et al., 2014). Predatory mites N. californicus (SPICAL®)
were purchased from Koppert.

2.2. Plant material

Plastic pots (1 L) containing Terral Solo® substrate were
used to grow 100 soybean plants of the M6210IPRO variety,
which express Bt protein Cry1Ac. Plants were protected in
cages with anti-aphids screening inside a greenhouse and
were used in the experiments at the V3 developmental stage.

2.3. Y-olfactometer analysis of predatory mite preference

The Y-shaped olfactometer (Sabelis and van de Baan, 1983)
main and lateral tubes had 21 cm each in length and 3.5 cm
of diameter. Before olfactometer experiments, soybean
plants were individually infested with 100 adult females
of T. urticae for 24 hours, and two larvae of A. gemmatalis
at the fourth instar for 36 hours. Sample plants were taken
into a small container along with a flow meter with velocity
of 0.50 my/s. The flow meter was used to regulate the air
flow from containers in the direction where predatory
mites were released. The evaluated treatments were
air x air; air x soybean without infestation; soybean without
infestation x soybean infested with T. urticae; soybean
without infestation x soybean infested with A. gemmatalis;
soybean infested with T. urticae x soybean infested with
A. gemmatalis and soybean infested with T. urticae x
soybean infested with both, T. urticae and A. gemmatalis.
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Tree replications were evaluated (i.e. each set of tested
plants as a source of odors) with 20 readings of predatory
mite responses for each replicate.

Predatory mites were individually released at end of tube
(i.e. release area) on copper wire, to facilitate displacement
of individuals. Predatory mite behavior was observed for
5 minutes, and response was considered positive after reaching
1/3 of one lateral tube extremity. Predatory mites that did
not respond after 5 minutes were not computed in statistical
analysis according to the methodology proposed by Janssen
(1999). Individuals that left the copper wire or were lost of
sight during test were removed and the test was ended. A new
test started after washing the apparatus with tap water and
drying. At every five responses, positions of the odor sources
were inverted to avoid interference of olfactometer spatial
positions on results.

2.4. Chemical analysis of volatiles

Chemical analysis was performed on Trace GC Ultra gas
chromatograph coupled to a Polaris Q mass spectrometer
(ThermoScientific, San Jose, CA), GC-MS system, with an
ion-trap type analyzer in solid phase microextraction
(SPME) in headspace mode (Merkle et al., 2015). Samples of
volatiles, from same soybean plants used in the olfactometer,
were captured in semi-polar polydimethylsiloxane /
divinylbenzene (PDMS | DVB) by exposure in vials at 60 °C
for 20 minutes, which were sealed (25 mL headspace vial)
and carefully identified. Subsequently, each sample was
subjected to chromatographic analysis.

Chromatographic conditions for collection of soybean
volatiles were as follows: temperature of injector, 200 °C;
injection in Splitless mode; “Splitless time”, 5 minutes;
temperature of ion source, 200 °C; interface temperature,
275 °C. Heating temperature of the equipment was
40 °C for 1 minute, gradient from 5 °C/min to 110 °C,
maintenance of the isotherm for 3 minutes and then
7 °C/min to 220 °C, at which temperature the isotherm
was maintained for 1 minute, and finally a gradient of
12 °C/min to 245 °C, at which temperature the isotherm

was maintained for 1 minute. The detector was maintained
in scan mode (fullscan, from 30 to 300), using the electron
impact ionization (EI) technique, with energy of 70 eV.
The chromatographic column used was the HP-5 MS
capillary column (5% phenyl and 95% methylpolysiloxane),
containing the following dimensions: 30 m long, 0.25
mm internal diameter and 0.25 pm film thickness
(AgilentTechonolgies INC, Germany).

Volatile compounds were identified by comparisons
between mass spectra present in the libraries based
on values of retention time obtained from the Xcalibur
1.4 software of ThermoElectron Corporation.

2.5. Statistical analysis

Using Y olfactometer test, three experiments were
carried out with a completely randomized design and three
replicates. In each replicate the response of 20 predatory
mites was evaluated in relation to sources of odors
analyzed. These results were submitted to chi-square tests
(a = 5%) for categorical data (Crawley, 2013). Percentages
of relative areas, which represented amount of each
identified compound, from each sample, were submitted to
principal component analysis (PCA). Graphs and analyzes
were carried out in R (R Development Core Team, 2014).

3. Results

3.1. Olfactometer test

No significant difference was observed in number of
predatory mite N. californicus in olfactometer test when
comparing air x air (Figure 1A), and clean plants x air
(Figure 1B), indicating that there was no preference in the
olfactometer, and that it was well calibrated and satisfactory
for conducting the evaluations. However, a significant
difference was noted in the number of N. californicus
observed between plants infested by T. urticae and clean
plants (Figure 1C).
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Figure 1. Proportion of the predator mite number, N. Californicus, responding to the following treatments evaluated in Y olfactometer:
(A) air x air; (B) clean air x soybean plants without any infestation; (C) soybean plants without infestation x soybean plants infested by
T. urticae. The number of mites without response to the treatments (NR), after 5 minutes, was eliminated from the statistical analysis.
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No significant difference was observed in number
of predatory mite N. californicus in olfactometer test
when comparing soybean plant x soybean infested with
A. gemmatalis only (Figure 2A). The number of predatory
mites N. californicus was higher in T. urticae-infested
soybean plants compared with plants infested with
A. gemmatalis alone (Figure 2B).

No significant difference was observed in the number
of N. californicus among T. urticae-infested soybean plants
compared with plants under multiple infestations of both
T. urticae and A. gemmatalis (Figure 2C).

The preference of predatory mite N. californicus for
soybean infested by T. urticae did not change when
A. gemmatalis was also present on same plant.

(x2=0.80, p= 0.371)
A) (x2=0.00, p= 1.000)
(x2=0.80, p=0.371)
(x2=9.80, p= 0.002)
B) (x2=7.20, p=0.007)
(x2=5.00, p= 0.025)
(x2=3.20, p=0.074)
Q) (x2=0.00, p= 1.000)

(x2=1.80, p= 0.180)

3.2. Chromatographic analysis

Twenty-nine compounds were identified of which 14 were
found in clean plants, 13 in T. urticae-infested plants, 16 in
plants infested with A. gemmatalis and 9 in plants with multiple
infestations of both T. urticae and A. gemmatalis (Table 1).

Chemical parameters related to composition of volatiles
compound from clean soybean and with the respective
infestations explained 43.5% of the data variation (Figure 3).

Alcohols (4-pentenoic acid, 2,4-dimethyl methyl ester,
CH,,0,), an aldehyde (Benzene Acetaldehyde; C,H,O)

1472

and a monoterpene (Nerol; C,;H,.0) were more present

in plants infested only with T. urticae and in the multiple
infestations with both T. urticae and A. gemmatalis.
The compounds vector representation is shown in Figure 4.

NR= 10
NR=4
NR=2
NR=3
NR=4
NR=6
NR=5
NR=7

NR=3

Figure 2. Proportion of predator mite number, N. Californicus, responding to the following treatments evaluated in Y-olfactometer: (A) clean
soybean plants x plants with A. gemmatalis infestation; (B) soybean plants infested with T. urticae X plants infested with A. gemmatalis;
(C) soybean plants infested with T. urticae x plants infested with T. urticae and A. gemmatalis on the same plant. The number of mites
without response to the treatments (NR), after 5 minutes, was eliminated from the statistical analysis.

DIm2 (19.8%)

0 2

Dim1 (23.7%)

Figure 3. Principal Component Analysis (PCA) of the volatile compounds, detected by GC/MS, induced in soybean plants under the
following treatments: plants without infestation (o); after infestation by T. urticae (/), after infestation by A. gemmatalis (#) and plants

after multiple infestation with T. urticae and A. gemmatalis (&).
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Figure 4. Principal component analysis (PCA) of the volatile compounds (identified in Table 1), detected by GC/MS, induced in soybean
plants after simple infestation T. urticae and by A. gemmatalis and under multiple infestation with T. urticae and A gemmatalis.

Table 1. Volatile organic compounds (VOCs) captured and identified in soybean plants (M6210IPRO) submitted to the following treatments:
Tetranychus urticae (SA) infested with two larva of A. gemmatalis (SL) and plants with multiple infestation by T. urticae + A. gemmatalis (SAL).

N° VOCs Class Formula S 2SA 3SL 4SAL
1 2-Hepten-1-ol Alcohol CH,O0 X X

2 2-Hexen-1-ol Alcohol CH,,0 X X X

3 2-Hexenal Aldehyde CH,,0 X X

4 2-hexyn-1-ol Alcohol CH,,0 X X
5 2,4-Hexadien-1-ol Alcohol CH,,0 X

6 2,4-Decadien-1-ol Alcohol C,H,0 X

7 2-Octenal Aldehyde CH,,0 X X X
8 4-hexen-1-ol Alcohol C,H,0 X X

9 3- Octanone ketone CH, 0 X

10 Octan-3-ol Alcohol CH,0 X X X
11 1,3,7-Octatriene,2,7- dimetil Monoterpene C,Hy X

12 4-pentenoic acid, 2,4-dimethyl metil ester Ester GH,0, X X
13 Felandral Monoterpene C,H,:0 X X

14 Benzeno Acetaldeido Aldehyde C,H,0 X

15 5-Octen-1-ol Alcohol CH, 0 X X X

16 3-Hexen-1-ol Alcohol CH,,0 X X

17 3,5-Octadieno Monoterpene C,H,0 X

18 Linalol Monoterpene C,H,0 X X X

19 a- Carofileno Sesquiterpene C,H,, X X
20 Citronelol Monoterpene C10H,, X X
21 Isobormeol Monoterpene C,H,:0 X X
22 Nerol Monoterpene C,H,0 X
23 Pulegona Monoterpene C,H,;0 X

24 Cis-o-mentha-2,8-dien-1-ol Monoterpeno C,H,:0 X
25 B-Ocimeno Monoterpene C,Hy X X
26 Etanona Monoterpene C,H,;0 X
27 Beta [onona Ketone C,H,,0 X
28 lonona Ketone C,H,,0 X
29 Fenol2,4,6-tris(1-metiletil) Sesquiterpene C,H,,0 X X
Total of compounds 14 13 16 9

'Soybean clean (S) and 2with two spotted spider mite infestation (SA), by*velvetbean larva (SL) and “both two spotted spider mite and velvetbean
larva (SAL) in the same plant.
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Compounds 12, 14 and 22, which promoted positive
responses of predatory mites N. californicus were grouped
in the same quadrant. Compounds four and nine are
dispersed in two other quadrants.

4. Discussion

There was no significant difference in number of
predatory mites N. californicus in soybean plants without
infestation and infested only by A. gemmatalis, indicating
no preference by the predator mite between these two
treatments. On the other hand, there was significant
difference when comparing number of predatory mite
choice to infested plants with T. urticae and any other
treatment. Plants infested with T. urticae attracted the
predatory mite N. californicus indicating that volatile
compounds released by the plants directed the predatory
mite to move towards to its prey. The attraction of the
predatory mite Phytoseiulus persimilis to volatile compound
of bean plants with herbivory of T. urticae or by the larva
of Spodoptera exigua, and they reported the attraction by
plants infested with T. urticae. N. californicus was able to
locate plants infested by T. urticae. Oliveira et al. (2009)
found similar results evaluating the behavior of Phytoseiulus
macropilis in clean and T. urticae-infested strawberry
plants. They observed a significant stronger attraction by
the predatory mite to the infested plants either with the
olfactometer or in arena test. In greenhouses, Janssen (1999)
also observed the preference of P. persimilis to volatile
compounds from cucumber infested by T. urticae. These
results suggest that three different species of predatory
mites can locate infested plants with prey by its odors in
different environments.

The larval injury of A. gemmatalis on soybean
leaves did not interfere in the choice for the predatory
mite N. californicus on plants under single or multiple
infestations. It did not repel or attract the N. californicus, so
equivalent results were observed from plants with single
infestation and multiple infestations with both T. urticae and
A. gemmatalis. Thus, the damage caused by A. gemmatalis
on soybean plants, despite promoting alteration of the
chemical profile of the volatile compounds, did not affect
the response of the predatory mite N. californicus. Therefore,
the mechanism of indirect induced resistance in plants,
releasing volatile compounds to attract the natural enemies
toward the infested plants with its prey, continues to
operate despite the multiple infestations by herbivores.

As such, it suggests that mechanism of indirect induced
resistance would increases the efficacy of T. urticae
biological control by the predatory mite N. californicus.
Results from olfactometer confronted with volatiles
compound released by plants with multiple infestations,
suggests that N. californicus can be used as a biological
control agent in both situations, since its preference is
not compromised by the presence of the A. gemmatalis.
Consequently, a multiple-herbivore infestation would
not reduce the encounter rate of the predatory mite
N. californicus with its prey T. urticae.

Compounds 2-hexene-1-o0l (2), 2-hexenal (3), 3-Octanone
(9), 3-Octanol (10), 3-Hexen-1-ol (16), Linalol Benzene
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Acetaldehyde (14), Beta-Oximene (25) and a-Carophilene
(19) were also identified from soybean plants in other
publications evaluating the emission of volatile compounds
(del Rosario et al., 1984; Liu et al., 1989; Damiani et al., 2000;
Boue et al., 2003; De Boer et al., 2004; Moraes et al., 2005;
Zhu and Park 2005; Rostas and Eggert 2008; Michereff et al.,
2011; Cai et al.,, 2015). The activity of these compounds
on the predatory mite N. californicus should be evaluated
in future, in pure or in mixture to explain compound
combinations and dose response. There is a potential for
use of these compounds as adjuvants in a field biological
control program of T. urticae.

T. urticae feeding promotes a response of soybean plants to
produce volatiles that attract the predatory mite N. californicus.
Multiple herbivory of T. urticae and A. gemmatalis modifies
the chemical profile of the volatile compounds emitted by
soybean plants. However, it does not interfere in the search
behavior of the predatory mite N. californicus. Volatile
compounds responsible for the attraction of the predator mite
N. californicus from soybean plants submitted to T. urticae
herbivory are: 2-hexyn-1-ol (C;H, 0); 3-Octanone (C;H,,0);

4-pentenoic acid, 2,4-dimethyl methyl ester (C,H.,0.);

871472
Benzene Acetaldehyde (C;H,0) and Nerol (C,,H,,0).
Independently of simple or multiple herbivory
conditions by T. urticae and A. gemmatalis, indirect induced
resistance mechanisms are operating and contributing to
increase the efficacy of the predatory mite N. californicus

as a biological control agent of T. urticae on soybean.

5. Conclusion

Simple or multiple herbivory by T. urticae and
A. gemmatalis induces indirect resistance mechanism,
increasing preference of predatory mite N. Californicus
on biological control of phytophagous mites on soybean.

Acknowledgements

The authors would like to thank the Programa de
Pés-Graduagao em Ciéncias Agrarias (PPGCA-UFS)), for the
scientific support to the study, as well as Embrapa Maize
& Sorghum, for the structure provided for the experiment.
The authors also thank Funda¢do de Amparo a Pesquisa
do Estado de Minas Gerais (FAPEMIG) and Coordenacdo
de Aperfeicoamento de Pessoal de Nivel Superior (CAPES),
for the financial support.

References

AARTSMA, Y., BIANCHI, FJ.J.A., WERF VAN DER, W., POELMAN, E.H.
and DICKE, M., 2017. Herbivore-induced plant volatiles and
tritrophic interactions across spatial scales. The New Phytologist,
vol. 216, no. 4, pp. 1054-1063. http://dx.doi.org/10.1111/
nph.14475. PMid:28195346.

BOUE, S.M., SHIH, B.Y., CARTER-WIENTJES, C.H. and CLEVELAND, T.E.,
2003. Identification of volatile compounds in soybean at various
developmental stages using solid phase microextraction. Journal
of Agricultural and Food Chemistry, vol. 51, no. 17, pp. 4873-4876.
http://dx.doi.org/10.1021/jf030051q. PMid:12903938.

Brazilian Journal of Biology, 2023, vol. 83, e267598


https://doi.org/10.1111/nph.14475
https://doi.org/10.1111/nph.14475
https://pubmed.ncbi.nlm.nih.gov/28195346
https://doi.org/10.1021/jf030051q
https://pubmed.ncbi.nlm.nih.gov/12903938

Volatile compounds from soybeans under multiple on herbivores infestations

CAl L., KOZIEL, J.A. and O’'NEAL, M.E., 2015. Studying plant-insect
interactions with solid phase microextraction: Screening for
airborne volatile emissions response of soybeans to the soybean
aphid, Aphis glycines Matsumura (Hemiptera: Aphididae).
Chromatography (Basel), vol. 2, no. 2, pp. 265-276. http://dx.doi.
org/10.3390/chromatography2020265.

CRAWLEY, M ., 2013. The R Book. 2nd ed. Chichester: John Wiley & Sons.

DAMIAN], P., COSSIGNANI, L., CASTELLINI, M., BIN, E, 2000. Clean
recovery and HRGC-MS/HRGC FTIR identification of volatiles
from soybean (Glycine max). Italian Journal of Food Science,
vol. 2, pp. 175-182.

DE BOER, J.G., POSTHUMUS, M.A. and DICKE, M., 2004. Identification
of volatiles that are used in discrimination between plants
infested with prey or nonprey herbivores by a predatory mite.
Journal of Chemical Ecology, vol. 30, no. 11, pp. 2215-2230.
http://dx.doi.org/10.1023/B:JOEC.0000048784.79031.5e.
PMid:15672666.

DE RIJK, M., DICKE, M. and POELMAN, E.H., 2013. Foraging
behaviour by parasitoids in multiherbivore communities.
Animal Behaviour, vol. 85, no. 6, pp. 1517-1528. http://dx.doi.
org/10.1016/j.anbehav.2013.03.034.

DEL ROSARIO, R., DE LUMEN, B.O., HABU, T., FLATH, R., MON, T.R.
and TERANISHI, R., 1984. Comparison of headspace volatiles
from winged beans and soybeans. Journal of Agricultural and
Food Chemistry, vol. 32, no. 5, pp. 1011-1015. http://dx.doi.
org/10.1021/jf00125a015.

DICKE, M., VAN LOON, ].J.A. and SOLER, R., 2009. Chemical
complexity of volatiles from plants induced by multiple attack.
Nature Chemical Biology, vol. 5, no. 5, pp. 317-324. http://dx.doi.
org/10.1038/nchembio.169. PMid:19377458.

GIRON, D., DUBREUIL, G., BENNETT, A., DEDEINE, F,, DICKE, M., DYER,
LA. ERB, M., HARRIS, M.O., HUGUET, E., KALOSHIAN, ., KAWAKITA,
A., LOPEZ-VAAMONDE, C., PALMER, T.M., PETANIDOU, T.,
POULSEN, M., SALLE, A., SIMON, J.C,, TERBLANCHE, ].S., THIERY, D,
WHITEMAN, N.K., WOODS, H.A. and PINCEBOURDE, S., 2018.
Promises and challenges in insect-plant interactions. Entomologia
Experimentalis et Applicata, vol. 166, no. 5, pp. 319-343.
http://dx.doi.org/10.1111/eea.12679.

GUEDES, J.V.C., NAVIA, D., LOFEGO, A.C. and DEQUECH, S.T.B.,
2007. Acaros associados a cultura da soja no Rio Grande do Sul.
Neotropical Entomology, vol. 36, no. 2, pp. 288-293. http://dx.doi.
0rg/10.1590/S1519-566X2007000200017. PMid: 17607464.

HEIL, M., 2014. Herbivore-induced plant volatiles : targets,
perception and unanswered questions. The New Phytologist,
vol. 204, no. 2, pp. 297-306. http://dx.doi.org/10.1111/nph.12977.

JANSSEN, A., 1999. Plants with spider-mite prey attract more
predatory mites than clean plants under greenhouse conditions.
Entomologia Experimentalis et Applicata, vol. 90, no. 2, pp. 191-198.
http://dx.doi.org/10.1046/j.1570-7458.1999.00438 X.

LEITNER, M., BOLAND, W. and MITHOFER, A., 2005. A direct and
indirect defences induced by piercing-sucking and chewing
herbivores in Medicago truncatula. The New Phytologist,
vol. 167, no. 2, pp. 597-606. http://dx.doi.org/10.1111/j.1469-
8137.2005.01426.x. PMid:15998409.

LIU, S.H., NORRIS, D.M. and LYNE, P., 1989. Volatiles from the foliage
of soybean, Glycine max, and Lima Bean, Phaseolus lunatus: their
behavioral effects on the insects Trichoplusia ni and Epilachna
varivestis. Journal of Agricultural and Food Chemistry, vol. 37,
no. 2, pp. 496-501. http://dx.doi.org/10.1021/jf00086a050.

MERKLE, S., KLEEBERG, K.K. and FRITSCHE, J., 2015. Recent
developments and applications of solid phase microextraction
(SPME) in food and environmental analysis - A review.
Chromatography (Basel), vol. 2, no. 3, pp. 293-381. http://dx.doi.
org/10.3390/chromatography2030293.

Brazilian Journal of Biology, 2023, vol. 83, e267598

MICHEREFF, M.F.F.,, LAUMANN, R.A., BORGES, M. and
BLASSIOLI-MORAES, M.C., 2011. Volatiles mediating a plant
herbivore natural enemy interaction in resistant and susceptible
soybean cultivars. Journal of Chemical Ecology, vol. 37, no. 3,
pp. 273-385. http://dx.doi.org/10.1007/s10886-011-9917-4.
PMid:21318397.

MORAES, M.C.B., LAUMANN, R., SUJII, E.R., PIRES, C. and BORGES,
M., 2005. Induced volatiles in soybean and pigeon pea
plants artificially infested with the neotropical brown stink
bug, Euschistus heros, and their effect on the egg parasitoid,
Telenomus podisi. Entomologia Experimentalis et Applicata,
vol. 115, no. 1, pp. 227-237. http://dx.doi.org/10.1111/j.1570-
7458.2005.00290.x.

MOSCARDI, F., BUENO, A.F., SOSA-GOMEZ, D.R., ROGGIA, S.,
HOFFMANN-CAMPO, C.B., POMARI, A.F,, CORSO, I.C. and YANO,
S.A.C.,2012. Artrépodes que atacam as folhas da soja. Soja: manejo
integrado de insetos e outros artropodes-praga. 1th ed. Londrina:
Embrapa Soja, pp. 213-334.

OLIVEIRA, H., FADINI, M.A.M., VENZON, M., REZENDE, D., REZENDE,
F. and PALLINI, A., 2009. Evaluation of the predatory mite
Phytoseiulus macropilis (Acari: Phytoseiidae) as a biological
control agent of the two-spotted spider mite on strawberry
plants under greenhouse conditions. Experimental & Applied
Acarology, vol. 47, no. 4, pp. 275-283. http://dx.doi.org/10.1007/
510493-008-9217-z. PMid:19016335.

PIETERSE, C.MJ., VAN DER DOES, D., ZAMIOUDIS, C., LEON-REYES,
A. and VAN WEES, S.C., 2012. Hormonal modulation of
plant immunity. Annual Review of Cell and Developmental
Biology, vol. 28, no. 1, pp. 489-521. http://dx.doi.org/10.1146/
annurev-cellbio-092910-154055. PMid:22559264.

PONZIO, C., CASCONE, P., CUSUMANO, A., WELDEGERGIS, B.T.,
FATOUROS, N.E., GUERRIER], E., DICKE, M. and GOLS, R., 2016.
Volatile-mediated foraging behaviour of three parasitoid
species under conditions of dual insect herbivore attack. Animal
Behaviour, vol. 111, pp. 197-206. http://dx.doi.org/10.1016/j.
anbehav.2015.10.024.

R DEVELOPMENT CORE TEAM, 2014 [viewed 6 September 2022].
A language and environment for statistical computing [online].
Vienna: R Foundation for Statistical Computing. Available from:
https://www.r-project.org/

ROGGIA, S., GUEDES, J.V.C,, KUSS, R.C.R.,, ARNEMANN, J.A. and
NAVIA, D., 2008. Spider mites associated to soybean in
Rio Grande do Sul, Brazil. Pesquisa Agropecudria Brasileira,
vol. 43, no. 3, pp. 295-301. http://dx.doi.org/10.1590/S0100-
204X2008000300002.

ROSTAS, M. and EGGERT, K., 2008. Ontogenetic and spatio-temporal
patterns of induced volatiles in Glycine max in the light of
the optimal defence hypothesis. Chemoecology, vol. 18, no. 1,
pp. 29-38. http://dx.doi.org/10.1007/s00049-007-0390-z.

SABELIS, M.W. and VAN DE BAAN, H.E., 1983. Location of distant
spider mite colonies by phytoseiid predators: demonstration
of specific kairomones emitted by Tetranychus urticae and
Panonychus ulmi. Entomologia Experimentalis et Applicata, vol. 33,
no. 3, pp. 303-314. http://dx.doi.org/10.1111/j.1570-7458.1983.
tb03273.x.

VAN POECKE, R.M. and DICKE, M., 2004. Indirect defence of plants
against herbivores: using Arabidopsis thaliana as a model
plant. Plant Biology, vol. 6, no. 4, pp. 387-401. http://dx.doi.
org/10.1055/s-2004-820887. PMid:15248121.

VILELA, M., MENDES, S.M., VALICENTE, EH., CARVALHO, S.S.S.,
SANTOS, A.E., SANTOS, C.A., ARAUJO, 0.G., BARBOSA, TAN.,
CARVALHO, E.A.R. and COSTA, V.H.D., 2014. Metodologia para
criagdo e manutengdo de Helicoverpa armigera em laboratério.
Sete Lagoas: EMBRAPA, pp. 1-7, Circular Técnica, no. 203.

7/8


https://doi.org/10.3390/chromatography2020265
https://doi.org/10.3390/chromatography2020265
https://doi.org/10.1023/B:JOEC.0000048784.79031.5e
https://pubmed.ncbi.nlm.nih.gov/15672666
https://pubmed.ncbi.nlm.nih.gov/15672666
https://doi.org/10.1016/j.anbehav.2013.03.034
https://doi.org/10.1016/j.anbehav.2013.03.034
https://doi.org/10.1021/jf00125a015
https://doi.org/10.1021/jf00125a015
https://doi.org/10.1038/nchembio.169
https://doi.org/10.1038/nchembio.169
https://pubmed.ncbi.nlm.nih.gov/19377458
https://doi.org/10.1111/eea.12679
https://doi.org/10.1590/S1519-566X2007000200017
https://doi.org/10.1590/S1519-566X2007000200017
https://pubmed.ncbi.nlm.nih.gov/17607464
https://doi.org/10.1111/nph.12977
https://doi.org/10.1046/j.1570-7458.1999.00438.x
https://doi.org/10.1111/j.1469-8137.2005.01426.x
https://doi.org/10.1111/j.1469-8137.2005.01426.x
https://pubmed.ncbi.nlm.nih.gov/15998409
https://doi.org/10.1021/jf00086a050
https://doi.org/10.3390/chromatography2030293
https://doi.org/10.3390/chromatography2030293
https://doi.org/10.1007/s10886-011-9917-4
https://pubmed.ncbi.nlm.nih.gov/21318397
https://pubmed.ncbi.nlm.nih.gov/21318397
https://doi.org/10.1111/j.1570-7458.2005.00290.x
https://doi.org/10.1111/j.1570-7458.2005.00290.x
https://doi.org/10.1007/s10493-008-9217-z
https://doi.org/10.1007/s10493-008-9217-z
https://pubmed.ncbi.nlm.nih.gov/19016335
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://doi.org/10.1146/annurev-cellbio-092910-154055
https://pubmed.ncbi.nlm.nih.gov/22559264
https://doi.org/10.1016/j.anbehav.2015.10.024
https://doi.org/10.1016/j.anbehav.2015.10.024
https://doi.org/10.1590/S0100-204X2008000300002
https://doi.org/10.1590/S0100-204X2008000300002
https://doi.org/10.1007/s00049-007-0390-z
https://doi.org/10.1111/j.1570-7458.1983.tb03273.x
https://doi.org/10.1111/j.1570-7458.1983.tb03273.x
https://doi.org/10.1055/s-2004-820887
https://doi.org/10.1055/s-2004-820887
https://pubmed.ncbi.nlm.nih.gov/15248121

Rocha, D.D.D. et al.

YONEYA, K. and TAKABAYASH], ]., 2014. Plant communication Proceedings of the National Academy of Sciences of the
mediated by airborne signals: ecological and plant United States of America, vol. 106, no. 50, pp. 21202-21207.
physiological perspectives. Plant Biotechnology (Tsukuba), http://dx.doi.org/10.1073/pnas.0907890106. PMid:19965373.

vol. 31, no. 5, pp. 409-416. http://dx.doi.org/10.5511/

. ZHU, J.W. and PARK, K.C., 2005. Methyl salicylate, a soybean
plantbiotechnology.14.0827a.

aphid-induced plant volatile attractive to the predator

ZHANG, PJ., ZHENGA, S., VAN LOON, ].J.A., BOLAND, W., DAVID, Coccinella septempunctata. Journal of Chemical Ecology, vol. 31,
A., MUMM, R. and DICKE, M., 2009. Whiteflies interfere with no. 8, pp. 1733-1746. http://dx.doi.org/10.1007/s10886-005-
indirect plant defense against spider mites in lima bean. 5923-8. PMid:16222805.

8/8 Brazilian Journal of Biology, 2023, vol. 83, e267598


https://doi.org/10.1073/pnas.0907890106
https://pubmed.ncbi.nlm.nih.gov/19965373
https://doi.org/10.1007/s10886-005-5923-8
https://doi.org/10.1007/s10886-005-5923-8
https://pubmed.ncbi.nlm.nih.gov/16222805
https://doi.org/10.5511/plantbiotechnology.14.0827a
https://doi.org/10.5511/plantbiotechnology.14.0827a

