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Abstract
It has become clear that omnivorous predators can induce plant defences that affect the performance and host plant choice 
of herbivores. They are also known to induce the production of plant volatiles that can affect the behaviour of herbivores 
searching for plants. These volatiles may also affect the searching behaviour of other predators, which was investigated 
here. The predatory mite Phytoseiulus persimilis preferred plants previously exposed to the omnivorous mirid Macrolophus 
pygmaeus over clean plants. The mites were equally attracted to plants previously exposed to the omnivore and subsequently 
infested by spider mites (Tetranychus urticae, prey of the predatory mite and the omnivore) and plants infested with spider 
mites alone. Moreover, the mites were more attracted to plants infested with prey and subsequently exposed to the omnivore 
than plants infested with prey but not exposed to the omnivore. The predatory mites were also significantly more attracted 
to plants on which the omnivores were still present. Experience of the predatory mites with volatiles from plants previously 
exposed to the omnivore and without prey resulted in a loss of the preference for volatiles emitted by plants exposed to the 
omnivore. Analysis of the volatiles showed that plant exposure to omnivores induced qualitative and quantitative changes 
in the volatile blend. Together, these results suggest that omnivorous predators induce the production of plant volatiles that 
can interfere with the searching behaviour of other predators. The consequences of such interference for biological pest 
control remain to be investigated.

Keywords Olfactometer · Omnivore · Learning · Phytoseiulus persimilis · Macrolophus pygmaeus

Introduction

To protect themselves from herbivory, plants produce 
specific compounds that can directly reduce the survival, 
development and oviposition of herbivores. These secondary 
metabolites are part of direct plant defences against herbi-
vores (Karban and Baldwin 1997; Kant et al. 2015). Further-
more, plants can defend themselves indirectly by promoting 
the action of natural enemies of the herbivores, for example, 
by providing supplemental food, e.g. extrafloral nectar and 
pollen (Pemberton and Lee 1996; Heil et al. 2001; Wäck-
ers 2001), shelter such as domatia (Walter 1996), and by 
producing herbivore-induced volatiles that are attractive to 
natural enemies of the herbivores (Dicke et al. 1990; Turl-
ings et al. 1990; Sabelis et al. 1999). These volatiles do not 
only emanate from the damaged plant tissue but also sys-
temically from non-damaged tissue (Turlings and Tumlinson 
1992; Dicke 1994; Röse et al. 1996; Guerrieri et al. 1999). 
The quality and quantity of these volatiles differ among plant 
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species (van den Boom et al. 2004), with herbivore spe-
cies (De Moraes et al. 1998; Birkett et al. 2003; Dicke et al. 
2009), with the duration of the feeding of the herbivores 
(Takabayashi et al. 1994b; Turlings et al. 1998; Kant et al. 
2004), and they can change depending on abiotic factors 
(Takabayashi et al. 1994a; Dicke and van Loon 2000).

Predatory arthropods and parasitoids can discriminate 
between volatiles from plants attacked by their prey or host 
and those of plants attacked by non-prey or non-host her-
bivores (Sabelis and van de Baan 1983; De Moraes et al. 
1998), and they can also discriminate between quantitative 
differences in the composition of major volatile blends from 
different plants attacked by the same herbivore species (Du 
et al. 1998; Guerrieri et al. 1999; Birkett et al. 2003). For 
example, the predatory mite Phytoseiulus persimilis was 
attracted by volatiles from bean leaves infested by its prey 
Tetranychus urticae and not by those of apple leaves infested 
by Panonychus ulmi, which is not a prey of this predator 
(Sabelis and van de Baan 1983). However, it has also been 
reported that predatory arthropods and parasitoids respond 
to volatiles from plants attacked by non-prey or non-host 
herbivores (Shimoda and Dicke 2000; Sabelis et al. 2007).

Like herbivores, predatory omnivores are also known 
to induce direct plant defences when feeding on their host 
plant, and this can affect the performance of herbivores 
(De Puysseleyr et al. 2011; Pappas et al. 2015; Pérez-Hedo 
et al. 2015b, a; Naselli et al. 2016; Zhang et al. 2018). Less 
is known, however, on the induction of plant volatiles by 
omnivores feeding on their host plant (Moayeri et al. 2007; 
Pérez-Hedo et al. 2015a; Bouagga et al. 2018a, b; Zhang 
et al. 2019b). Here, we investigate the induction of volatile 
production by the omnivorous predatory bug Macrolophus 
pygmaeus and we assess the response of another predator, 
the predatory mite P. persimilis to volatiles emanating from 
plants exposed to the omnivore. We also identify the vola-
tiles produced and induced by the omnivore.

Macrolophus pygmaeus is commercially used for biologi-
cal control of several pests (van Lenteren 2012). Besides 
feeding on plant tissue (Perdikis and Lykouressis 2000), it 
attacks a wide range of arthropod pests such as whiteflies 
(Montserrat et al. 2000), thrips (Riudavets and Castañé 
1998), aphids (Alvarado et al. 1997), spider mites (Hansen 
et al. 1999), leaf miners (Arnó et al. 2003) and Lepidoptera 
species including Tuta absoluta (Urbaneja et al. 2009). Ear-
lier, others and we have shown that M. pygmaeus affected the 
performance of the herbivorous pests T. urticae, Franklin-
iella occidentalis and Bemisia tabaci through induced direct 
plants defences (Pappas et al. 2015; Bouagga et al. 2018b; 
Zhang et al. 2018). Feeding by M. pygmaeus also affected 
plant phenology and reproduction, and these changes also 
altered the performance of the omnivore itself (Zhang et al. 
2019a). Moayeri et al. (2007) showed that feeding by M. 
pygmaeus induced the production of 11 additional volatile 

compounds in bean plants. We previously showed that 
females of T. urticae and F. occidentalis avoided plants pre-
viously exposed to M. pygmaeus (Zhang et al. 2019b), which 
was possibly mediated by volatiles. We therefore sought 
to confirm the induction of the production of volatiles by 
performing olfactometer experiments and by analysing the 
headspace of plants exposed to the omnivore. Because these 
volatiles are often used by natural enemies when searching 
for their herbivorous prey, we were particularly interested in 
the effects of these volatiles on the behaviour of other preda-
tors. In particular, we studied the behaviour of the predatory 
mite P. persimilis, which relies on olfactory cues to locate 
plants infested with its prey, the two-spotted spider mite, 
from a distance (Sabelis and van de Baan 1983; Sabelis et al. 
1984; Dicke et al. 1990). Because both the omnivore and the 
predatory mite are commercially used in biological control, 
these two species often co-occur in greenhouse crops, but 
not much is known about their interactions and how this 
would potentially affect biological control. Potentially, M. 
pygmaeus can attack and will compete for prey with P. per-
similis and we therefore expected that P. persimilis would 
avoid plants with M. pygmaeus.

Materials and methods

Cultures

Sweet pepper plants (Capsicum annuum L. Spider F1, Enza 
Zaden Beheer B.V., The Netherlands) were grown from 
seeds in pots (Ø = 14 cm) with soil in a climate room dedi-
cated to growing clean plants (25 ± 1 °C, 60–70% RH, 16: 
8 L: D). Water was supplied twice a week. Four-week-old 
plants with six-eight true leaves (about 20 cm high) were 
used for experiments. Plants of 5 to 8 weeks old were used 
for the rearing of spider mites.

A culture of M. pygmaeus was established with fifth 
instar nymphs from a commercial rearing (Koppert Biolog-
ical Systems BV, Berkel en Rodenrijs, The Netherlands). 
They were reared in insect-proof cages (BugDorm-44545F, 
47.5 × 47.5 × 47.5 cm, mesh size: 160 µm) in a separate cli-
mate room (conditions as above) with Ephestia kuehniella 
eggs as food and 4- to 5-week-old sweet pepper plants as 
both food supply and oviposition substrate. New E. kuehn-
iella eggs were added twice a week and new plants were 
added every 2 weeks. Adults from the culture were used for 
experiments.

The culture of two-spotted spider mites was started with 
individuals that were obtained from a cucumber culture in 
our laboratory (Janssen 1999) and was reared on intact sweet 
pepper plants in a separate climate room (conditions as 
above). New plants were provided twice a week. The mites 
were cultivated for 10 months on sweet pepper plants before 
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being used for experiments, allowing them to adapt to this 
host plant (Magalhães et al. 2007).

Predatory mites, originating from a culture (Koppert 
strain) reared with spider mites as food on bean plants (van 
Wijk et al. 2008), were transferred to sweet pepper leaves 
infested with spider mites. These leaves were placed on a 
plastic platform in a tray filled with water with soap, pre-
venting the mites from escaping. New sweet pepper leaves 
infested with spider mites were provided five to six times 
per week. Predatory mites were reared in this way for more 
than three generations before being used in the experiments.

Olfactometer experiments

Responses of predatory mites to different plant volatiles 
were tested using a Y-tube olfactometer (Sabelis and van de 
Baan 1983). It consisted of a Y-shaped glass tube (Ø 4 cm, 
length of arms and base 13 cm) with a metal wire in the mid-
dle on which the predators could walk freely. A transparent 
hose connected each arm of the Y-tube to a separate glass 
container (50 × 40 × 40 cm) that had an air inlet and outlet 
covered with fine mesh (80 µm). A tray with three sweet pep-
per plants that had received one treatment was placed inside 
one container 30 min prior to the experiment and served 
as one source of volatiles; the other container received a 
tray with three plants of another treatment. The base of the 
Y-tube was connected to a vacuum pump, creating an air 
flow in the olfactometer (0.45 ± 0.05 m/s). Anemometers 
(VelociCalc® Air Velocity Meter 9545-A, TSI Incorporated, 
USA) were used to measure the flow rate in both arms of the 
olfactometer, which were calibrated with valves inserted into 
the transparent hoses. With equal flow rates in both arms, 
two separate volatile plumes were formed in the base of the 
Y-tube, with their interface coinciding with the metal wire 
(Sabelis and van de Baan 1983; Janssen et al. 1997).

After disconnecting the vacuum pump from the base 
of the Y-tube, a starved (1 h) gravid female of P. persimi-
lis was introduced onto the beginning of the metal wire 
in the Y-tube with a fine brush. Immediately afterwards, 
the vacuum pump was connected. The mite was observed 
until it had reached the end of one of the arms, which was 
then noted as a choice, or until five minutes had passed (no 
choice). Subsequently, it was removed and the next female 
was introduced. After five females that made a choice, the 
volatile sources were switched by connecting the hoses to 
the other arm or to the other container and the wind speed 
was measured and calibrated. This was done to correct for 
unforeseen asymmetries in the experimental set-up that 
could influence the choice of the predatory mites (Janssen 
et al. 1997). Each replicate of an olfactometer experiment 
consisted of 20 female predatory mites that made a choice 
for one of the two volatile sources. Individuals that did not 
make a choice within five minutes were not included, so a 

replicate was continued until 20 predatory mites had made 
a choice. On average, 1.92 mites per replicate did not make 
a choice within 5 min. The olfactometer and the hoses were 
washed with odourless detergent, rinsed with demineralized 
water to remove the detergent and left to dry between rep-
licates. Plant containers were cleaned with alcohol (60%) 
and air-dried overnight. All female predatory mites were 
only used once for an experiment and new plants were used 
for each replicate.

To make sure that females of P. persimilis from our 
culture responded to volatiles from sweet pepper plants, a 
preliminary olfactometer test was conducted. Three sweet 
pepper plants (4–5 weeks old) were infested for 2 days with 
240 adult spider mites per plant with an average of 30 adults 
per leaf. Subsequently, an olfactometer experiment was con-
ducted with these plants as one volatile source and another 
group of plants of the same age and size, but not attacked 
by spider mites as the other volatile source. This test was 
replicated two times with two different sets of plants and 
two groups of predators. Phytoseiulus persimilis signifi-
cantly preferred treated plants to clean plants in both repli-
cates (plants with spider mites attracted 82.5 ± 2.5% of the 
predators; GLM:  Chi2 = 18.35, d. f. = 1, P < 0.001), showing 
that they can recognize volatiles from infested sweet pepper 
plants.

Response to plants exposed to M. pygmaeus

Six sweet pepper plants (4 weeks old with six–eight true 
leaves) were transferred each into a separate insect-proof 
cage (as above) in a separate climate room (conditions 
as above). Five adult females and five adult males of M. 
pygmaeus were released in three cages. Plants in the other 
three cages were kept clean, serving as control. Four days 
later, which is sufficient time to induce volatile production 
in plants (Kant et al. 2004), all M. pygmaeus (alive and 
dead) were removed from the three treated plants. On aver-
age, 60% of M. pygmaeus survived these 4 days, and plants 
without alive M. pygmaeus at the end of this treatment were 
not used for further experiments. The three treated plants 
were grouped together and served as one volatile source, 
the group of three control plants served as the other vola-
tile source in an olfactometer experiment. The response of 
P. persimilis to these two groups of plants was tested as 
described above. Five replicates were conducted in total, 
with five different groups of plants (three plants per treat-
ment per replicate) and predatory mites. The preference of 
the predatory mites for a particular volatile source was tested 
with a log-linear model for contingency tables with a gen-
eralized linear model (GLM) with treatment and replicate 
and their interaction as factors and the numbers of predators 
choosing for the volatile sources as response variable with 
a Poisson error distribution (log link) (Crawley 2013). All 
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statistical analyses were performed with R (R Core Team 
2019).

Response to plants exposed to M. pygmaeus 
and infested with T. urticae

To check whether previous infestation by omnivores would 
change the response of predatory mites towards plants with 
their spider mite prey, the groups of plants tested in four 
out of the five replicates of the above experiment were 
transferred back to their respective cages, and 240 female 
spider mites (on average 30 per leaf) were subsequently 
released on each plant. Each plant was placed in a tray filled 
with water to prevent mites from escaping. Two days later, 
another olfactometer experiment was conducted with these 
three plants previously exposed to M. pygmaeus and subse-
quently infested with spider mites as one volatile source and 
the three plants only infested with spider mites as the other 
volatile source. The spider mites were present on the plants 
during the test.

Other groups of plants were also  treated with spider 
mites and M. pygmaeus, but the order of the treatment was 
changed compared to the experiment above. Six sweet pep-
per plants were each infested with 240 adult spider mites 
per plant for 2 days. Subsequently, an olfactometer experi-
ment was conducted as described above, with two groups of 
three spider mite-infested plants to make sure that these two 
groups of plants had similar attractiveness to the predatory 
mites before they were exposed to M. pygmaeus. Thereafter, 
all plants were transferred back to their cages, and the group 
of three plants that attracted a (non-significantly) lower 
number of predatory mites subsequently received five adult 
males and five adult female M. pygmaeus. The other three 
plants were kept without mirids but with spider mites. After 
4 days, all mirids were removed from the three plants, and 
their attractiveness of this group of plants was compared 
with that of the other group of three plants in the olfactom-
eter. Four replicates were conducted, each with new groups 
of three plants.

The preference of the predatory mites for a particular 
volatile source in each experiment was compared using the 
same method as above. Differences in preference between 
the two experiments were tested by comparing the propor-
tions of predators choosing for a volatile source with a GLM 
with a binomial error distribution (logit link) with the exper-
imental treatment as factor.

Response of P. persimilis to plants with M. pygmaeus

The following experiment was conducted to check the 
response of P. persimilis to M. pygmaeus present on the 
plants. Two groups of plants, one group treated with M. 
pygmaeus, the other group consisting of clean plants, were 

prepared as above. All M. pygmaeus remaining in the cages 
with the treated plants were collected after the 4 days of 
treatment and kept in 1.5 ml Eppendorf Safe-Lock tubes and 
the plants were transferred to the container of the olfactom-
eter. The collected M. pygmaeus were subsequently released 
in this container and their number was supplemented with 
mirids from the culture to an average of five males and five 
females per plant. The untreated plants served as the alter-
native volatile source. Four replicates were conducted, each 
with a new set of plants.

We subsequently removed the mirids from containers 
after the olfactometer test, all plants were left in the contain-
ers overnight with an airflow of about 0.20 m/s to prevent 
condensation of water on plants and container walls, and 
the response of the predatory mites to the volatiles of these 
plants and the control plants was measured the next day. 
This was done with two of the four groups of plants of the 
previous test.

The preference of the predatory mites for a particular 
volatile source in each experiment was compared using the 
same method as above. Differences in preference between 
different two experiments were tested with GLM in R as 
above.

Response of P. persimilis with experience 
with volatiles from plants previously exposed to M. 
pygmaeus

Predatory mites were given an experience with the vola-
tiles of plants with M. pygmaeus and without food as fol-
lows. Four plants treated with M. pygmaeus and four clean 
plants were prepared as described above. From one of 
the treated plants, leaf discs (Ø = 15 mm) were made and 
placed in plastic cups (odourless medicine cups, Ø = 20 mm, 
height = 3 cm) filled with water to support the leaf discs and 
prevent mites from escaping. Leaf discs of such plants have 
induced direct defences (Zhang et al. 2018). Subsequently, 
gravid females of P. persimilis collected from the culture 
were each transferred to one of these leaf discs, which did 
not contain food for the predatory mites. The cups were 
closed with lids with a ventilation hole covered with fine 
mesh (80 µm), thus volatiles could enter and leave the cups. 
Thereafter, all the cups were placed on top of an upside-
down plastic tray (30 × 24 cm) in a cage (same type as above) 
with one of the M. pygmaeus-treated plants. Numbers of 
alive M. pygmaeus in all three cages were counted and new 
individuals were added to a total of five adult females and 
five adult males per cage. Thus, P. persimilis were able 
to perceive cues from the treated leaf disc, volatiles from 
the treated plant and from M. pygmaeus. A second group 
of gravid females of P. persimilis were treated similarly, 
but were incubated on leaf discs from one clean plant and 
placed in a cage with one clean plant without M. pygmaeus. 
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Twenty-four hours later, these predatory mites were used in 
an olfactometer test. All M. pygmaeus were removed from 
the three plants, and these plants were used as one volatile 
source; the three clean plants as the other. A third group of 
P. persimilis was collected from the culture and starved for 
one hour and was subsequently also tested in the olfactom-
eter with the same plants. Five replicates with five different 
groups of plants were conducted in total; in the last replicate, 
we did not test predatory mites from the culture.

The preference of the predatory mites for a particular 
volatile source in each experiment was compared using the 
same method as above. Differences in preference between 
different experiments were tested with a GLM as above.

Volatile collection and analysis

Three groups of plants with different treatments (as above) 
were prepared for volatile analysis: (1) clean plants as con-
trol; (2) plants exposed to five females and five males of 
M. pygmaeus for 4 days, after which all M. pygmaeus were 
removed before volatiles were collected (M. pygmaeus 
removed); (3) plants exposed to five females and five males 
of M. pygmaeus for 4 days, with the omnivores present dur-
ing volatile collection (M. pygmaeus present). To ensure 
that all plants in this last treatment had the same number 
of M. pygmaeus, mirids from the culture were added until 
there were five males and five females per plant. Three plants 
from the same treatment were used as one replicate, in total 
21 clean plants, 27 plants from which M. pygmaeus was 
removed, and 15 plants on which M. pygmaeus was present 
were used. The volatile collection was performed in three 
blocks over time. The three plants were placed in a 40 L 
glass desiccator, and volatile sampling was done according 
to Kant et al. (2004). Briefly, desiccators were ventilated 
with carbon-filtered pressured air at a flow rate of 400 ml 
per minute. Air from the desiccator was sampled during 24 h 
by trapping it on 50 mg of Porapak type Q 80–100 Mesh 
(Supelco) enclosed in a 5 mm wide glass tube. We also col-
lected volatiles from males plus females of M. pygmaeus 
without plants as above. One hundred adult omnivores were 
placed in a 100 ml glass desiccator, volatiles were collected 
for 12 h, 14 h and 48 h.

Volatiles were eluded from the adsorbent using 2 mL 
pentane:diethyl ether (4:1) spiked with 2.5 ng/μl of benzyl 
acetate (BA) as internal standard. One microliter of the elu-
ate was injected (splitless) in the injector port of an Agi-
lent 7890A gas chromatograph and immediately heated to 
275 °C. Compounds were separated on a HP-5 ms column 
(30 m × 250 μm, 0.25 μm film thickness; Agilent) with a 
temperature program set to 40 °C for 5 min, increasing to 
250 °C at a rate of 15 °C per min and an additional 5 min at 
250 °C. Helium was used as the carrier gas with the transfer 
flow set to 3 mL/min and a column flow rate of 1 mL/min 

thereafter. The chromatograph was coupled to an Agilent 
7200 accurate-mass quadrupole time-of-flight mass spec-
trometer to generate the mass spectra, operating in electron 
ionization mode (70 eV) at 230 °C and collected with an 
acquisition rate of 20 scans per second acquiring ions at a 
30–500 m/z range.

Peaks were detected by chromatogram deconvolution 
using Agilent MassHunter Qualitative Analysis software 
using the following settings: signal-to-noise ratio = 2; RT 
window size factor = 100; minimal peak area = 500 counts; 
m/z accuracy = 50 ppm. Identified peaks were integrated 
over the acquired samples using Agilent MassHunter Quan-
titative Analysis software. Here, the area of the base peak 
was taken for quantification with an accuracy of 50 ppm and 
corrected with the internal standard. For compound identi-
fication, the Kovats Index was calculated and in combina-
tion with the mass spectrum compared to Adams and NIST 
libraries. Compound identification was confirmed using 
authentic standards when available.

Volatiles emanating from the empty set-up were con-
sidered contaminations and their peak values, averaged per 
block were subtracted from the values found for the biologi-
cal sources within the same block. Subsequently, negative 
values and zeros were replaced with half of the minimum 
detection value. We also removed compounds that occurred 
only in one of the samples per treatment. We calculated 
the fold changes of the volatiles from plants exposed to 
M. pygmaeus relative to control plants per block and then 
averaged these values. For further analyses, peaks were log-
transformed and either normalized with the Pareto method 
(Grace and Hudson 2017), or not normalized, and analysed 
with a linear discriminant analysis (LDA) in R (Venables 
and Ripley 2002). To further confirm the most important 
volatiles separating the three treatments, we performed a tree 
analysis (Ripley 2016) and a Partial Least Squares Discrimi-
nant Analysis (see Supplemental Methods). Peaks that had 
a relevant weight in both PLSDA and LDA analyses were 
further identified. This resulted in 21 plant volatiles. We also 
identified two volatile compounds specific of M. pygmaeus.

We generated a list of 23 volatile compounds combin-
ing these plant volatiles and the two M. pygmaeus volatiles 
(Table 1). We performed a multivariate analysis of variance 
(MANOVA) using data of the 23 compounds to check the 
overall effects of treatments on volatile levels. Because the 
MANOVA showed a significant effect, we subsequently 
analysed each compound separately. We compared peaks of 
each treatment using linear mixed-effect models, with treat-
ment as fixed factors and individual plant as a random factor. 
The distribution of the residuals was checked for normality. 
From all volatile peaks, N-hexyl acetate was log (x + 0.1) 
transformed, 6-methyl-5-hepten-2-one log(x + 1) trans-
formed, one unidentified compound was not transformed, 
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and the other peaks were all log (x + 0.01) transformed, 
based on the distribution of the residuals.

Results

Response to plants exposed to M. pygmaeus

Phytoseiulus persimilis significantly preferred plants pre-
viously exposed to M. pygmaeus over clean plants in four 
out of the five replicates (Fig. 1). No significant preference 
was found in one replicate, resulting in a significant interac-
tion between treatment and replicate (GLM:  Chi2 = 20.20, 
d. f. = 4, P < 0.001). Overall, the predatory mites showed 
a clear preference for M. pygmaeus-treated plants to clean 
plants.

Response to plants exposed to M. pygmaeus 
and infested with T. urticae

When both groups of plants of the previous experi-
ment were subsequently infested with spider mites, the 

preference for M. pygmaeus-treated plants disappeared 
(Fig. 2a). Phytoseiulus persimilis showed no significant 
preference in three out of four replicates and showed a 
preference for plants that had not been exposed to M. 

Table 1  Levels (fold changes, 
mean ± SE) of volatiles from 
plants exposed to the omnivore 
M. pygmaeus with either the 
omnivore absent or present 
during volatile collection 
relative to clean, unexposed 
plants

a : Compounds identified with standards. b: volatile compounds specific for M. pygmaeus. Compounds in 
bold letters contribute significantly to the separation of the three treatment groups with both PLSDA and 
LDA analyses. Significant effects of treatment on the relative levels of volatiles from three groups of plants 
are indicated by asterisks. *: P < 0.05; **: P < 0.01; ***: P < 0.001. Letters indicate differences among 
treatments: a: not different from the control (clean plants); treatments labelled with b differ significantly 
from those with c and both differ from the control

Compound Kovats Index M. pygmaeus removed M. pygmaeus present

Z-jasmonea* 1412 87 ± 20 (b) 482 ± 257 (b)
E-β-ocimenea*** 1151 80 ± 30 (b) 937 ± 450 (b)
linaloola 1102 18 ± 10 (ab) 136 ± 100 (b)
eucarvone 1156 27 ± 20 (ab) 93 ± 56 (b)
E-β-guaienea 1512 0.4 ± 0.1 (a) 0.6 ± 0.4(a)
E-nerolidola** 1574 19 ± 10 (a) 172 ± 77 (b)
9-eicosyne* 1628 0.3 ± 0.1 (a) 0.5 ± 0.2 (a)
methyl  salicylatea* 1205 21 ± 13 (ab) 100 ± 45 (b)
Z-β-guaienea* 1520 37 ± 23 (ab) 152 ± 67 (b)
phenylpropene 1466 2 ± 1.7 (a) 0.8 ± 0.1 (a)
selina-3,11-dien-6-α-ol 1639 5.4 ± 3.3 (ab) 66 ± 51 (a)
Z-nerolidola 1537 4 ± 1.6 (a) 7 ± 6 (a)
Unknown oxygenated monoterpene** 1185 1.3 ± 0.2 (a) 2.4 ± 0.4 (b)
Unknown sesquiterpene*** 1479 1.3 ± 0.4 (a) 10 ± 1.9 (b)
Unknown terpene 1570 1 ± 0.5 (a) 1.4 ± 0.8 (a)
Unknown benzene ester* 1644 1.2 ± 0.2 (ab) 1.7 ± 0.2 (b)
Unknown alkane 1701 0.5 ± 0.1 (a) 0.7 ± 0.2 (a)
Unknown 1796 1.3 ± 0.2 (a) 1.2 ± 0.2 (a)
Unknown sesquiterpene 1791 9 ± 6 (a) 2.4 ± 1.2 (a)
2, 3-dimethylbenzaldehyde 1193 0.7 ± 0.1 (a) 1.9 ± 0.9 (a)
n-hexyl  acetateb 1010 1.6 ± 0.3 (b) 13 ± 2 (c)
6-methyl-5-hepten-2-oneb 1210 1 ± 0.01 (a) 1303 ± 320(b)
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Fig. 1  Preference of P. persimilis for the volatiles from clean plants 
(white bars) or plants previously exposed to M. pygmaeus (grey bars); 
Each bar represents the result of a separate replicate, each with new 
groups of plants and predatory mites. Numbers along the vertical axis 
give the identity of these groups of plants, most of which groups were 
also used for the experiments which results are shown in Fig. 2. Each 
bar represents the response of 20 predatory mites. NC indicates the 
number of predatory mites that did not respond. Per replicate, signifi-
cant preference for one of the two volatiles is indicated by asterisks 
(*: P < 0.05; ***: P < 0.001)
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pygmaeus in the fourth replicate, resulting in a signifi-
cant interaction between treatment and replicate (GLM: 
 Chi2 = 14.83, d. f. = 3, P = 0.002). The difference in pref-
erence between the previous experiment and the current 
one was highly significant (c.f. Figures 1 and 2a, GLM: 
 Chi2 = 16.9, d. f. = 1, P < 0.0001), showing that the pref-
erence for plants exposed to M. pygmaeus disappeared 
when these plants plus the clean plants were subsequently 
attacked by spider mites.

When plants were first infested with spider mites, none 
of the two groups of plants attracted significantly more P. 
persimilis (Fig. 2b). However, because we assigned the 
groups of plants that were slightly more attractive to one 
treatment (Fig. 2b, left-hand bars) and the other groups to 
the other treatment (Fig. 2b, right-hand bars), there was an 
overall significant preference for the groups of plants that 
were more attractive (GLM:  Chi2 = 7.32, d. f. = 1, P = 0.007). 

When the least attractive groups of plants were subsequently 
exposed to M. pygmaeus, they became equally attractive as 
the groups of plants not exposed to M. pygmaeus (Fig. 2c, 
GLM:  Chi2 = 0.45, d. f. = 1, P = 0.50). The change in prefer-
ence due to exposure to M. pygmaeus was significant (cf. 
Figure 2b, c, GLM:  Chi2 = 5.77, d. f. = 1, P = 0.0163).

Response of P. persimilis to plants with M. pygmaeus

Phytoseiulus persimilis preferred plants on which M. 
pygmaeus were present to clean plants (Fig. 3a, GLM: 
 Chi2 = 8.61, d. f. = 1, P = 0.0034). When the omnivores were 
subsequently removed from the plants and attraction was 
tested again the following day (Fig. 3b, GLM:  Chi2 = 12.8, d. 
f. = 1, P = 0.0003), the preference for M. pygmaeus-exposed 
plants was somewhat more pronounced (Fig. 3b), but the 
difference between preference for plants with the omnivore 
present or removed was not significant (cf. 3a, 3b, GLM: 
 Chi2 = 1.66, d. f. = 1, P = 0.198). The results presented in 
Fig. 3b further confirmed earlier results showing the attrac-
tion of P. persimilis to plants previously exposed to M. 
pygmaeus without these mirids being present on the plants 
(Fig. 3b, cf. Fig. 1).

Effect of experience of P. persimilis

The attraction of P. persimilis to plants exposed to M. pyg-
maeus was somewhat surprising because the omnivores can 
feed on eggs of P. persimilis, hence, the predatory mites 
were expected to avoid plants with the omnivore. We there-
fore investigated whether experience of P. persimilis with 
the omnivore would change its response towards volatiles 
of plants exposed to the omnivore. Phytoseiulus persimilis 
with and without experience with the volatiles from plants 
exposed to M. pygmaeus showed different attractiveness to 
plants previously exposed to the omnivore and clean plants 
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Fig. 2  Preference of P. persimilis for the volatiles emanating from 
two groups of plants: a plants previously exposed to M. pygmaeus for 
4 days and subsequently infested with spider mites for 2 days (grey 
bars) vs. unexposed plants subsequently infested with spider mites 
for 2 days (white bars); b plants infested with spider mites for 2 days 
(white bars) vs plants infested with spider mites for 2 days (grey 
bars); c plants infested with spider mites for 6  days (white bars) vs 
plants infested with spider mites for 6 days and exposed to M. pyg-
maeus for the last 4  days (grey bars). Within each panel, each bar 
represents the result of a different replicate, each with new groups 
of plants and predatory mites. Results presented in a were obtained 
with the same groups of plants as in Fig. 1; they were first tested after 
exposure to the omnivore (Fig.  1), then infested with spider mites 
and tested again (a). Numbers along the vertical axis give the iden-
tity of these groups of plants. Results presented in b and c were also 
obtained with the same plants; they were first tested after infestation 
with spider mites (b), then exposed to the omnivore and tested again 
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plants. Each bar represents the response of 20 predatory mites. NC 
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clean plants (white bars) and plants exposed to M. pygmaeus (grey 
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Shown are average numbers (+ SE) of predators of 4 replicates (M. 
pygmaeus present) or 2 replicates (M. pygmaeus absent), each with 
new groups of plants and predators. See legend to Fig.  1 for more 
explanation
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(Fig. 4, GLM:  Chi2 = 17.40, d. f. = 2, P = 0.00017). Preda-
tory mites without experience with M. pygmaeus-treated 
plants, starved for 1 h prior to the test, showed a signifi-
cant preference for plants exposed to M. pygmaeus (Fig. 4a, 
GLM:  Chi2 = 42.2, d. f. = 1, P < 0.0001). This is consistent 
with previous results (Figs. 1, 3b), again confirming that 
P. persimilis preferred plants exposed to M. pygmaeus over 
clean plants. When naïve P. persimilis were starved for 24 h 
in the presence of volatiles of clean plants, they were also 
attracted to plants exposed to M. pygmaeus (Fig. 4b, GLM: 
 Chi2 = 29.9, d. f. = 1, P < 0.0001). The two groups of naïve 
mites showed similar attractiveness to plants exposed to M. 
pygmaeus (Fig. 4a, b, contrasts with glht function of package 
lsmeans). When given 1 day of experience with the vola-
tiles from plants exposed to M. pygmaeus in the absence of 
food, the preference of P. persimilis for these plants disap-
peared (Fig. 4c, GLM:  Chi2 = 2.57, d. f. = 1, P = 0.109). The 
response of the experienced predatory mites differed signifi-
cantly from the two groups of naïve mites (Fig. 4, contrasts 
as above).

Volatile analysis

A linear discriminant analysis resulted in a good separation 
of the three groups (Fig. 5), with the first linear discriminant 
explaining 77% of the variance. A tree analysis separated 
the clean and plants exposed to the omnivore (Fig. S1). The 
PLSDA analysis separated the three treatments, and the two 
first components explained more than 50% of the variance 
(Fig. S2). The 21 plant volatiles with the largest differences 
between the clean plants and the exposed plants and the 

two M. pygmaeus-specific volatiles are presented in Table 1. 
The compounds (Z)-jasmone, (E)-β-ocimene, linalool, (E)-
nerolidol and eucarvone were identified in both the LDA 
and PLSDA analysis. In general, plants with the omnivore 
present produced higher amounts of the selected volatiles 
than plants with the omnivore removed prior to the meas-
urements, although differences were not always significant 
(Table 1). Compounds that were significantly released in 
higher amounts by the omnivore-exposed plants compared 
to clean plants include (Z)-jasmone, (E)-β-ocimene, linal-
ool, (E)-nerolidol, methyl salicylate (MeSA), an oxygenated 
monoterpene, a sesquiterpene and a benzene ester (Table 1). 
Exposed plants also produced lower amounts of other vola-
tiles than clean plants (e.g. (E)-β-guaiene and 9-eicosyne), 
though the differences were not significant (Table 1, aver-
ages < 1). Two volatiles specific of M. pygmaeus were identi-
fied, namely n-hexyl acetate and 6-methyl-5-hepten-2-one.

Discussion

We show that volatiles of sweet pepper plants exposed to M. 
pygmaeus were attractive to the predatory mite P. persimilis, 
although we observed differences among replicates in the 
attractiveness (Fig. 1a). These differences might have been 
caused by differences in survival of M. pygmaeus during the 
plant treatments in different replicates, although on average 
60% of the mirids survived. Lower numbers of M. pygmaeus 
feeding on the plants may induce lower amounts of volatiles, 
which might be less attractive to predatory mites. Overall, 
predatory mites preferred the M. pygmaeus-infested plants 
over clean plants, and this preference was confirmed in sub-
sequent experiments (Figs. 3b, 4a). Thus, we conclude that 
P. persimilis was more attracted by the volatiles emanat-
ing from plants previously exposed to M. pygmaeus than to 
volatiles from clean plants. In any case, these data suggest 
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that the presence of M. pygmaeus could potentially interfere 
with the long-distance searching behaviour of the predatory 
mite, which will often be attracted to plants with the omni-
vore, but without its prey. If predators would stay on these 
plants, they would consequently starve, but they can learn 
the association between the volatiles and the lack of food, 
and subsequently disperse.

This is not the first study showing that omnivores can 
induce the production of plant volatiles. A study by Moay-
eri et al. (2007) showed that, compared to clean plants, 11 
additional compounds were produced when M. pygmaeus 
was feeding on bean plants. More recently, Bouagga et al. 
(2018a, b) found that another omnivorous predator (Orius 
laevigatus) induced the production of volatiles by plants. 
Together with this study, these results confirm that volatile 
production was induced by plant feeding of the omnivo-
rous predators. Earlier, we also found that the spider mites 
and thrips preferred clean plants over plants previously 
exposed to M. pygmaeus (Zhang et al. 2019b), and these 
responses may have been partly or entirely based on the 
volatile produced by these plants. We conclude that plant 
volatiles induced by M. pygmaeus play a role in plant–her-
bivore–predator interactions. In this study, lower, more real-
istic, numbers of omnivores were used than in the study by 
Pérez-Hedo et al. (2015a, 5 females and 5 males here vs 25 
individuals/plant), which still resulted in strong effects on 
the behaviour of other predators. This is remarkable, because 
these low densities of omnivores hardly cause any damage to 
the plants (Castañé et al. 2011), and much higher numbers 
of herbivores are often used to induce direct plant defences 
or the induction of volatile production (Maeda and Taka-
bayashi 2001).

When plants that had been exposed to the omnivore 
were subsequently attacked by spider mites, the prey of the 
predatory mites, the predatory mites were equally attracted 
by these plants and plants exposed to the omnivore. When 
plants were first attacked by spider mites and were subse-
quently exposed to M. pygmaeus, they became somewhat 
more attractive than before exposure. All in all, these results 
show that P. persimilis remains attracted to plants with spi-
der mite prey, despite the effects of the omnivore on plant 
attractiveness. We observed differences among replicates in 
the attractiveness of volatiles from plants exposed to M. pyg-
maeus and subsequently attacked by spider mites (Fig. 2a). 
This might have been caused by differences in numbers of 
spider mites during the treatment in different replicates, and 
lower densities of spider mites resulting in lower amounts of 
volatiles (Maeda and Takabayashi 2001), making the plants 
less attractive for predatory mites. We indeed observed lower 
numbers of spider mites on plants exposed to M. pygmaeus 
than on unexposed plants (126 ± 12.9 vs. 171 ± 7.4, respec-
tively), which was consistent with earlier results showing 
that spider mites performed less well on plants previously 

exposed to M. pygmaeus than on clean plants (Zhang et al. 
2018).

When the omnivores were present on the plants, preda-
tory mites could also perceive cues from the omnivores 
themselves. Plants with the omnivores were still significantly 
attractive to the predatory mites, but this attractiveness was 
slightly less pronounced than that to predator-induced plants 
without the omnivore (Fig. 3); however, this difference was 
not significant. We therefore conclude that cues from the 
omnivores themselves did not interfere significantly with 
the choice of the predatory mites.

Plants exposed to the omnivore produced different 
amounts of volatiles than clean plants. The headspace of 
plants exposed to the omnivore contained higher amounts of 
Z-jasmone, (E)-β-ocimene, (E)-nerolidol, methyl salicylate 
(MeSA) and (Z)-β-guaiene than that of clean plants, which 
are known to be produced by plants under attack by herbi-
vores, including sweet pepper plants. Another omnivorous 
predator, Orius laevigatus, was found to induce the produc-
tion of linalool, MeSA and nerolidol in sweet pepper plants 
(Bouagga et al. 2018a). Linalool and (E)- β-ocimene are 
known to be attractive to P. persimilis (Dicke et al. 1990; 
van den Boom et al. 2004; van Wijk et al. 2008). However, 
the attractiveness or repellence of mixtures of volatiles can-
not be inferred from that of the single compounds because 
P. persimilis perceives these mixtures as synthetic entities 
and not as a collection of individual compounds (van Wijk 
et al. 2008, 2010). The exposed plants in our study produced 
several volatiles in lower amounts than clean plants, mean-
ing that plant feeding by the omnivore changed ratios of the 
volatile blends. During volatile collection, both plant vola-
tiles and volatiles from the omnivore were collected, and we 
found 2 volatiles specific for M. pygmaeus, which were also 
found in another study (Moayeri et al. 2007).

An open question is why predatory mites were attracted 
by volatiles emanating from plants that had been exposed 
to the omnivores. Because of natural variation in volatile 
blends, depending on host plant species, herbivore spe-
cies, plant age and other factors (Takabayashi et al. 1994a; 
De Moraes et al. 1998; van den Boom et al. 2004), natu-
ral enemies face the difficult task to discriminate among 
many different blends (Sabelis et al. 1999; Takabayashi 
et al. 2006). It is often suggested that the ability to learn to 
respond to volatile cues associated with their prey or host 
increases their searching efficiency, which is very important 
for many predatory arthropods and parasitoids (Lewis and 
Tumlinson 1988; Turlings et al. 1993; Drukker et al. 2000a, 
b; Takabayashi et al. 2006; Hilker and McNeil 2008; Janssen 
et al. 2014). This was the case in our study: after experience 
with volatiles from plants with M. pygmaeus in the absence 
of prey, the preference for the volatiles produced by these 
plants disappeared (Fig. 4c). Such reduction of attraction 
after an experience of the association between a volatile 
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blend and the absence of suitable prey has been reported 
before (Ardanuy et al. 2016). This shows that the predatory 
mites probably associated the volatiles with the absence of 
food, suggesting that predatory mites that would initially be 
naïve and attracted to plants with the omnivore but without 
spider mites, would subsequently no longer be attracted to 
such plants. The question then is whether they would still 
be attracted to plants with spider mites; this remains to be 
investigated.

A further open question is whether volatiles of plants 
attacked by spider mites are more attractive to P. persi-
milis than plants induced by M. pygmaeus (non-prey). A 
problem with testing this is, that it is not clear how many 
M. pygmaeus and how many spider mites should be used 
to infest the plants. The two species are rather different in 
size, cause different types of damage and are therefore dif-
ficult to compare on a per-individual basis. Hence, if an 
experiment would show that plants with spider mites are 
more or less attractive than plants with M. pygmaeus, this 
could be because of quantitative differences in the volatiles 
rather than qualitative differences. Hence, an answer to this 
question would require a whole series of experiments with 
various densities of the two species plus the accompanying 
volatile analyses, and this was beyond the main research 
question of the study.

Cues from prey and plants with prey give important 
information for prey plant choice, however, cues associated 
with the presence of competitors also affect plant selec-
tion. Avoidance of patches occupied by competitors based 
on volatiles occurs in parasitoids (Janssen et al. 1995a, b; 
Tamó et al. 2006) and predatory mites (Janssen et al. 1997; 
Magalhães et al. 2005), and prey patches with cues associ-
ated with spider mite eggs killed by competitors were less 
attractive for P. persimilis (Choh et al. 2017). In our study, 
spider mite-infested plants were subsequently exposed to M. 
pygmaeus, thus cues associated with killed spider mite eggs 
were present on these plants. Moreover, other cues associ-
ated with the presence of the mirids, e.g. volatiles, chemical 
marks and faeces from M. pygmaeus (Moayeri et al. 2007) 
may also serve as cues for predatory mites. We observed 
that M. pygmaeus can prey on all stages of P. persimilis and 
also does so in the presence of spider mites. We therefore 
expected that the predatory mites would avoid plants with 
the omnivores, but instead, plants with the omnivores were 
more attractive for P. persimilis than clean plants. However, 
we also observed that adult predatory mites could escape 
from the omnivores (NX. Zhang and J. Brouwer pers. obs.); 
thus, M. pygmaeus is perhaps not a dangerous predator 
for adult female P. persimilis. Furthermore, the predatory 
mites oviposit inside the web produced by spider mites and 
use it as a refuge to prevent predation from other predators 
(Sabelis and Bakker 1992; Cloutier and Johnson 1993; Roda 
et al. 2000; Lemos et al. 2015); hence, adult but also juvenile 

P. persimilis may be able to escape from predation by the 
omnivore.

Another question that remains to be answered is how the 
induction of volatile production would benefit the omni-
vore. Interestingly, Moayeri et al. (2007) showed that M. 
caliginosus (an earlier synonym of M. pygmaeus) males 
were attracted by plants previously exposed to their female 
conspecifics, and gender-specific responses to omnivore-
induced plant volatiles were described for Nesidiocoris ten-
uis (Rim et al. 2018). Perhaps omnivores induce plants to 
produce volatiles to attract mates, thus economizing on pro-
ducing large quantities of sex pheromones. Clearly, further 
studies are needed for understanding the role of omnivore-
induced plant responses in multitrophic interactions.

It is also not clear what is the advantage of plants to pro-
duce volatiles when omnivorous predators are feeding on 
them. One suggested function of herbivore-induced plant 
volatiles is to attract natural enemies, and one may argue 
that the plants guarded by the omnivorous predators do not 
need to produce volatiles to attract more natural enemies. A 
mechanical explanation for the production of volatiles is that 
plant volatiles act as signal compounds between different 
plant parts (Frost et al. 2007), through which unattacked and 
undefended parts can become primed against future attacks, 
but it is unclear why these distant parts should be primed 
when omnivores are present on the plant. Possibly, plants do 
not produce volatiles to attract natural enemies, but to signal 
to herbivores that the plant is defended. This was confirmed 
by our earlier study that spider mites and thrips preferred 
clean plants over plants previously exposed to M. pygmaeus 
(Zhang et al. 2019b). The repellence of herbivores would not 
only reduce herbivore damage to the plant, but also prevent 
the transmission of plant pathogens by herbivores. However, 
without experience, some predators may take this informa-
tion as indication of the presence of herbivores, which might 
be the case for P. persimilis.

Macrolophus pygmaeus is used for biocontrol of vari-
ous pests, such as whiteflies, aphids and spider mites in 
various crops, including sweet pepper. Phytoseiulus per-
similis is a specialist natural enemy of spider mites and 
is used in many crops, hence, there is a real possibility 
that these two species will be released in the same crop. 
Under such conditions, the plant feeding by M. pygmaeus 
will interfere with the searching behaviour of P. persimilis, 
and it remains to be investigated to what extent this will 
affect spider mite control. However, we suspect that the 
volatiles induced by M. pygmaeus will also interfere with 
the searching behaviour of other natural enemies. Indeed, 
Pérez-Hedo et al. (2015a) found indications that the white-
fly parasitoid Encarsia formosa was attracted by tomato 
plants exposed by each of three species of mirid bugs. So 
plant feeding by omnivores can interfere with the search-
ing behaviour of other natural enemies. Depending on the 
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capacity of these other enemies to learn to discriminate 
between the volatiles of plants induced by omnivores and 
plants induced by their prey, this may interfere with bio-
logical pest control. There are several possible scenarios. 
First, the other natural enemies may be attracted to the vol-
atiles induced by omnivores, as was found here, and this 
may distract them from foraging for their prey. It may also 
result in increased intraguild predation between the omni-
vore and the other natural enemies. Second, the other natu-
ral enemies may be repelled by the volatiles induced by the 
omnivore, thus avoiding intraguild predation. However, 
this can potentially result in enemy-free space of the pest 
of the other natural enemy if it is no prey of the omnivore. 
Hence, future research should not just focus on the pro-
duction of plant volatiles as a consequence of phytophagy 
by omnivores, and on the induction of plant defences in 
general, but also on their effects on other enemies, con-
sidering also their capacity to change their behaviour as a 
result of experience.

We previously showed that omnivore feeding on plants 
interfered with the performance of herbivores through 
induced direct defences (Zhang et al. 2018, 2019b) and 
affected the phenology and reproduction of plants and the 
performance of the omnivore (Zhang et al. 2019a). The 
results of the current study suggest that feeding by these 
omnivores also induces the production of plant volatiles, 
which can affect the behaviour of a specialist predator of 
a plant pest and, consequently, can result in disruption 
of biological control (Zhang et al. 2021). Clearly, further 
studies on the effects of omnivores on dynamics of plant-
associated food webs are needed.
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