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(Hemiptera: Miridae), and
chemodiversity of its host
plant volatiles
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Kris Lord T. Santos1,2, Divina M. Amalin1,2

and Jose Isagani B. Janairo1,2*
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The cacao mirid bug, Helopeltis bakeri, is a major insect pest of cacao in the

Philippines. It feeds on pods causing puncture wounds that become necrotic

lesions and may lead eventually to pod abortion. There is currently no

semiochemical-based system developed for the monitoring and control of H.

bakeri. Here, we report a kairomone identified from host plants of H. bakeri as a

potential attractant. Volatile components were extracted using solid-phase

microextraction (100-µm polydimethylsiloxane) and analyzed by gas

chromatography - mass spectrometry. Chemodiversity analysis considering

compound richness, evenness, and disparity showed similar phytochemical

diversity among the six host plants, suggesting that chemodiversity is a factor

in the host selection behavior of H. bakeri. Comparison of volatiles revealed that

b-caryophyllene was present in all host plants. Using a wind tunnel, an

impregnated lure containing 90 µg b-caryophyllene showed the highest

attraction to adult H. bakeri. The results show the potential of b-caryophyllene
as attractant that can be used in the development of kairomone-based trapping

systems for H. bakeri as part of a holistic integrated pest management system

for cacao.
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1 Introduction

Cacao, Theobroma cacao L. (Byttnerioideae : Malvaceae), is a

high-value crop exclusively cultivated in the equatorial regions and

is responsible for the livelihood of about 50 million people

(Afoakwa, 2010). Due to a high demand for cacao beans as a raw

material for chocolates and other highly priced commodities,

increase in supply deficit in the coming years is highly

anticipated. During the 2021/22 cocoa season, for instance, the

global cocoa market had a supply deficit of 360, 000 tonnes (ICCO,

2022). The increasing demand provides smallholder farmers

incentives to increase production but significant challenges must

first be hurdled. These include the control of insect pests and

diseases that cause significant damage on cacao pods resulting in

loss of bean quantity and quality.

Major insect pests of cacao include mirid bugs, the cocoa pod

borer (Conopomorpha cramerella Snellen (Lepidoptera:

Gracillariidae)), and mealy bugs that act as vectors of the cocoa

swollen shoot virus (Babin, 2018). The mirid bugs, in particular,

consist of 40 species under Family Miridae that cause damage to

cacao. Only a few, however, cause significant economic loss that can

range between 30 to 40% (Entwhistle, 1972; Mahob et al., 2020).

The mirid bug Helopeltis bakeri Poppius (Hemiptera: Miridae) is

considered a major insect pest of cacao in the Philippines

particularly in Luzon. They feed on cacao pods and young shoots

using their piercing and sucking mouth parts resulting in the

formation of discoloration and necrotic lesions (Vanhove

et al., 2019).

Common pest management practices for these insect pests

include the use of physical barriers and the application of

insecticides (Bateman, 2015). Sleeving which involves covering of

pods with plastic bags provides a barrier that prevents insects from

feeding and ovipositing on pods (Babin, 2018). This can reduce

infestation by 85-100% but may also cause production losses due to

wilting or the physiological death of pods. Application of

neonicotinoid insecticides is another common and effective

control method but reports on their adverse effects on nontarget

insects like pollinators resulted in calls for restrictions on their use

(Wood and Goulson, 2017; Goulson, 2018). There is thus a need for

an integrated pest management (IPM) system that takes a holistic

approach in managing these pests. In the Philippines, work is

underway to formulate and implement an IPM system that

utilizes biologically based approaches such as (1) semiochemical

(i.e. sex pheromones and kairomones) trapping systems for

monitoring and control of insect pests (Tavera et al., 2019); (2)

biological control using natural predators (Pag-Ong et al., 2018); (3)

nanobiosensor technology for early detection of plant pathogens

(Franco et al., 2019); and (4) particle film technology using clay

minerals (Amalin et al., 2015; Albacete and Amalin, 2018).

Semiochemicals are important compounds involved in both

intraspecific and interspecific interactions. These are compounds

released by one organism that affect the behavior or physiology of

another organism (El-Shafie and Faleiro, 2017; El-Ghany, 2019). A

specific type of semiochemical called kairomones is of particular

importance in plant-insect interactions. Generally, kairomones are
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beneficial to the recipient (El-Ghany, 2019). In the context of

plant-insect interactions, these refer to phytochemicals that, when

received, provide adaptive advantage to the insect (Nigg et al.,

2022). Kairomones may be utilized for the management of insect

crop pests since they play important roles in reducing insect

populations in natural ecosystems particularly those situated in

tropical areas (Dyer, 2008).

There is currently no report on any semiochemical control

system for H. bakeri. Here, we report the discovery of a potential

kairomone attractant for use in a semiochemical trapping system

forH. bakeri. Potential host plants ofH. bakeri have been previously

assessed through feeding tests (Serrana et al., 2022). By comparing

their volatile phytochemical profiles, an organic compound present

in all samples was identified and assessed as a potential kairomone

that can be used as an attractant for H. bakeri. The present study

also provides further evidence on the host selection behavior of H.

bakeri that is based on the diversity of the volatile phytochemicals of

its hosts.
2 Materials and methods

2.1 Reagents

Synthetic b-caryophyllene (≥80%, FCC, FG) used for the

bioassay was purchased from Merck Pte. Ltd., Singapore. All

other reagents and organic solvents were of analytical grade and

used without further purification.
2.2 Insect rearing

Laboratory colony of Helopeltis bakeri Poppius was maintained

in the insect rearing laboratory of the Biological Control Research

Unit at the De La Salle University - School of Innovation and

Sustainability (DLSU-SIS; formerly the DLSU-Science and

Technology Complex), Biñan, Laguna, Philippines. Stock

population was established from adults collected from Polyscias

scutellaria (Burm.f.) Fosb. plants located in DLSU-SIS. Ipomoea

batatas var. batatas (L.) Poir. shoots were used as feeding substrate

to support nymphal development until adulthood. Laboratory

conditions were maintained at 27 ± 1°C, 66 ± 7% relative

humidity, and a 12:12H (L:D) photoperiod.
2.3 Solid-phase microextraction of
headspace volatiles

Potential kairomones were identified by examining the volatile

phytochemical profiles of six host plants with which H. bakeri has

been reported to have host association (Serrana et al., 2022). These

include cacao (Byttneriaceae: Theobroma cacao L.), sweet potato

(Convolvulaceae: Ipomoea batatas var. batatas (L.) Poir.), polyscias

(Araliaceae: Polyscias scutellaria (Burm.f.) Fosb.), “gumamela”
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(Malvaceae: Hibiscus rosasinensis var. rosa-sinensis L.), “hagonoy”

(Asteraceae: Chromolaena odorata (L.) R King & H Robinson), and

guava (Myrtaceae: Psidium guajava L.). Cacao pods were collected

from the Quezon Agricultural Research and Experiment Station

(QARES; formerly the Quezon Agricultural Experimentation

Station, Tiaong, Quezon, while other plants were obtained from

the seedling nursery of DLSU-SIS. Volatiles from the young leaves

of cacao, sweet potato, polyscias, gumamela, hagonoy, and guava

were extracted as H. bakeri has been observed to feed on these plant

parts. Cacao pods were also included as a control check.

Extraction of headspace volatiles was performed using a

polydimethylsiloxane (PDMS) (Supelco®, 100 µm df, 24 ga needle

size) SPME fiber assembly. A 500-mL Erlenmeyer flask covered

with aluminum foil and Parafilm was used as headspace chamber.

Flasks were washed with technical grade acetone and dried for one

hour at 150°C before use. To extract headspace volatiles, host plant

materials were placed inside separate flasks and heated to 30-40°C

while the SPME fiber was exposed. Each extraction lasted for 25

minutes and was performed in triplicate. A blank trial was also

performed using an empty Erlenmeyer flask.
2.4 Gas chromatography-mass
spectrometry analysis

Extracted headspace volatiles were then analyzed using a

Shimadzu® QP2020 GC-MS. SPME fibers were injected manually

into the injector port and desorbed at 250°C in splitless mode.

Injector port was modified by installing a 0.75-mm ID Shimadzu®

SPME inlet liner and a Restek®Merlin microseal septa. An SH-Rxi-

5Sil (30 m L x 0.25 mm ID x 0.25 µm df) capillary column and

Helium (99.995%) as carrier gas (1 mL/min) were used for analysis.

Temperature program was set at an initial temperature of 50°C for 5

minutes and then programmed to 200°C at 10°C/min. Acquisition

mode was set to SCAN mode (35 m/z to 500 m/z). MS settings were

set to an interface temperature of 250°C on EI mode. Putative

identification was accomplished by matching against a mass

spectral library (NIST/EPA/NIH Mass Spectral Library 2020).
2.5 Phytochemical diversity analysis

Phytochemical diversity of volatiles of the host plants of H.

bakeri was quantified and visualized using the R package

CHEMODIV (Petrén et al., 2023). Two data sets were prepared:

(1) a data set containing the relative abundance based on relative

peak areas of compounds identified from GC-MS analysis, and (2) a

second data set containing the common names, SMILES, and

InChiKey notations for all compounds included in the first data

set. To prepare the data sets, web-based tools (i.e., PubChem

Identifier Exchange Service (Kim et al., 2021) and The Chemical

Translation Service (Wohlgemuth et al., 2010)) were utilized to

acquire SMILES and InChiKey notations of compounds from their

CAS registry numbers obtained from the GC-MS analyses. Using

the CHEMODIV package functions (i.e., compDis, calcDiv,

calcDivProf, and molNet), compound dissimilarities, functional
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Hill diversity and sample dissimilarities were calculated and

molecular networks created.
2.6 Wind tunnel bioassay

The response of H. bakeri to b-caryophyllene was tested using a

wind tunnel which was divided into two portions: the upwind side

and the downwind side (Supplementary Figure 1). The tunnel was

constructed using polyethylene sheets and had a frame made of

PVC tubes. Air flow inside the tunnel was controlled within a range

of 25-35 cm/s. The tunnel was housed in a room with

environmental conditions controlled at 25-30°C and 55% RH. All

assays were performed between 6:00-7:00 PM.

The assay involved a no-choice test in which a single odor

source was used. The odor source was a gray halobutyl rubber septa

loaded with b-caryophyllene or water (negative control) and

suspended at the middle of a delta trap. The trap was placed

about two-thirds of the upwind side and 30 cm above the tunnel

floor. Different doses (45, 65, 90 and 180 mg) of b-caryophyllene was
used. Twenty adult H. bakeri (mixed sex; 4 days after adult

emergence) starved for 3-4 hours were allowed to acclimate in the

insect chamber for one hour before each test. The odor source was

then placed in the tunnel and the test insects released. The

behavioral response of the insects were recorded every 10

minutes; each test ran for a total of 60 minutes. Three replicates

were performed.
2.7 Statistical analyses

Analysis of Variance (ANOVA) was performed to determine

significant differences in functional Hill diversity of host plant

volatiles using R version 4.2.2 (R Core Team, 2022). For the wind

tunnel bioassays, data for each concentration were analyzed by

goodness-of-fit tests considering a 50:50 distribution using

GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA).
3 Results

3.1 Phytochemical diversity of host
plant volatiles

The headspace volatile profiles (Figure 1; Supplementary Data

1) of cacao (Theobroma cacao L.), sweet potato (Ipomoea batatas

var. batatas (L.) Poir.), polyscias (Polyscias scutellaria (Burm.f.)

Fosb.), “gumamela” (Hibiscus rosasinensis var. rosa-sinensis L.),

“hagonoy” (Chromolaena odorata (L.) R King & H Robinson),

and guava (Psidium guajava L.), host plants of Helopeltis bakeri

Poppius, were obtained through SPME and GC-MS analyses.

Chemodiversity (measured as functional Hill diversity) analysis of

the profiles indicates that phytochemical diversity was highest in

cacao (Figure 2B), mainly due to a higher average number of

compounds (cacao = 38, guava = 35, gumamela = 22.3, hagonoy

= 29.3, polyscias = 15.7, sweet potato = 28.7). The diversity profile
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further shows that diversity was highest in cacao at q = 1, and also at

q = 0 (Figure 2C). However, functional Hill diversity (q = 1) among

six host plants was not significantly different (ANOVA,

F5,12 = 2.183, P = 0.124). Analysis of sample dissimilarities

(measured as Generalized UniFrac dissimilarities) also showed

that the six host plants have low pairwise dissimilarity (i.e., host

plant volatiles are compositionally/structurally similar to each

other) and that in cacao and gumamela, dissimilarities between

sampling units (n = 3) was higher compared to those of the other

samples (Figure 2D).

Molecular networks (Supplementary Figure 2) show that a

cluster of structurally similar compounds belonging to the

“Terpenoids” pathway can be found across all host volatiles, and

that in cacao, volatiles are also rich in structurally diverse

compounds that belong to the “Fatty acids” pathway. The

networks also show a general richness in diversity of compounds

that differ in structural and biochemical properties; this is further

illustrated by the dendrogram (Figure 2A) which displays high

dissimilarity among the compounds.
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3.2 Behavioral response using wind tunnel
bioassay

To facilitate the search for potential kairomones, the volatile

phytochemical profiles of the leaves of six host plants and a cacao

pod were evaluated; comparison revealed that b-caryophyllene, a
bicyclic sesquiterpene, was present in all samples. The responses of

adult H. bakeri to four different doses of b-caryophyllene was assessed
against a blank containing water. The results of the no-choice tests

(Figure 3A) show that attraction of H. bakeri to b-caryophyllene
against a blank was significant in all doses except 180 µg. Attraction

generally increased with increasing dose up to 90 µg at which attraction

was greatest and significantly higher than those of other test doses.

Other behavioral responses were also observed during the tests.

After release from the chamber, insects were able to reach the

upwind side and find the odor source (impregnated rubber septa)

during the first 10 minutes; they also remained in the upwind side

throughout the test despite the absence of a feeding medium at the

odor source. Continual protrusion of stylets and movement of
B

C D

A

FIGURE 2

Phytochemical diversity and dissimilarity of the headspace volatiles (n = 3) of cacao, guava, “gumamela”, “hagonoy”, polyscias and sweet potato: (A)
Dendogram of compound dissimilarities based on PubChem Fingerprints (compound names have been excluded for clarity); (B) boxplot of
Functional Hill diversity (q=1); (C) Diversity profile showing functional Hill diversity for q=0-3 in which thick lines represent Group means while thin
lines represent individual sample means; (D) Non-metric multidimensional scaling (NDMS) plot of sample dissimilarities among Groups.
A
B

D
E
F
G

C

FIGURE 1

Overlaid GC-MS total ion chromatograms of headspace volatiles of cacao (A), “gumamela” (B), “hagonoy” (C), sweet potato (D) and guava (E) leaves,
and cacao pod (G).
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antennae which may indicate host-seeking behavior was also

observed upon closer inspection of the test insects (Figure 4).
4 Discussion

Numerous organic compounds that vary in size and structure

have been reported to act as kairomones. From the simple saturated

hydrocarbons to the large and complex terpenoids (Murali-

Baskaran et al., 2018), identification of potential kairomones from

a complex mixture of host plant volatiles can be daunting.

Anchored on the hypothesis that certain volatile phytochemicals

in cacao and other alternate plant hosts of H. bakeri affect the

latter’s host-seeking and host-selection behavior, we analyzed the

host plants’ phytochemical diversity by comparing not only

compound richness (i.e., total number of compounds) and

evenness (i.e., their relative proportion), but also disparity (i.e.,

similarities/differences in their structural and biochemical

properties) which are important in a fuller and more efficient

chemodiversity analysis (Bakhtiari et al., 2021; Petrén et al., 2023).

Using the compounds identified fromGC-MS analyses, compound

dissimilarities were quantified, and phytochemical diversity and sample

dissimilarities calculated. Phytochemical diversity was quantified using

various types of functional diversity in the Hill numbers framework

taking into account compound dissimilarities (as Generalized UniFrac

dissimilarities) which was made possible by mining data on

biosynthetic pathways allowing comparison of shared enzymes

among compounds (Chen et al., 2012; Junker, 2016). The Hill

numbers framework allows a separate and combined measurement

of the three components of diversity—richness, evenness, and disparity

—by illustrating diversity at various diversity orders (q) (Petrén et al.,

2023). For instance, functional Hill diversity at q=1 (exponential of

Shannon’s diversity), which provides the most comprehensive measure

of diversity, considers the contribution of all three diversity

components. At this order (Figure 2B), we observed that diversity

was relatively high for cacao compared to the other host plants. This

higher diversity can be explained by examining functional Hill diversity
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at other values of q (Figure 2C). Here we saw that one sampling unit for

cacao had an inordinately high diversity (due to a high compound

richness) resulting in an apparently high diversity for cacao. This trend

was less apparent at q = 2 (Simpson diversity) wherein diversity is more

influenced by evenness than richness (i.e., more weight is put on

compounds with high proportions). At q=0 in which compound

proportions are not considered, a decreasing trend in diversity

(cacao>guava>sweet potato>hagonoy>gumamela>polyscias) can be

observed that was not apparent at q=1. Variances among sampling

units are further visualized in the non-metric multidimensional scaling

(NMDS) plot (Figure 2D) which showed high dissimilarities among

sampling units for cacao and gumamela. Nevertheless, statistical

analysis showed that the diversity was not significantly different

across all samples. The relative uniformity in the chemodiversity of

these plants may inform why they can serve as hosts for H. bakeri.

The host range of mirid bugs which are usually polyphagous

insects has been thoroughly studied. For instance, the tea mosquito

bug, H. theivora Waterhouse (Hemiptera: Miridae) has been

observed to be associated with plants under 16 different Families

(Saha et al., 2012). But the effect of certain phytochemicals on the

host range ofHelopeltis spp. have not yet been documented. Volatile

organic compounds (VOCs) emitted by host plants are the most

important signals for host seeking with a few that are also involved

in host selection (Poldy, 2020). Comparison of the volatile profiles

of host plants may be done to identify the compounds or groups of

compounds that affect these behavior. The host plants of H. bakeri

has similar chemodiversity (vide supra) but further examination of

the class of compounds showed that compositionally/structurally

similar compounds that belong to the same biochemical pathway

(“Terpenoids”) appear to be present among all host plants. This was

illustrated in the molecular networks where compounds were

grouped based on similarities in the biosynthetic pathways to

which they belong. These results may be used to predict other

plants that can host H. bakeri by comparing the volatile profiles of

other plants with those reported here.

Comparison of the volatile profiles of host plants may also be

utilized to streamline the identification of potential cues that can be
BA

FIGURE 3

Responses (A) of adult of H bakeri in a wind tunnel in no-choice tests involving four doses of b-caryophyllene (45, 65, 90, and 180 µg on rubber
septa; chemical structure shown in (B)) against a blank containing water only. Values are expressed as means ± SD (N = 3; 20 insects for each test).
Asterisks indicate a preference that was significantly different from a 50:50 distribution: *** P < 0.001; ** P < 0.01; ns, not significant.
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used as attractants for these arthropod pests. Here, we found that b-
caryophyllene, a terpenoid, was present in all host plants.

Olfactometric evaluation of b-caryophyllene showed that it

significantly attracts H. bakeri at an optimal concentration of

about 90 µg. Higher doses resulted in lower attraction suggesting

a repellant effect. In the evaluation of a kairomone-based attractant

for the cacao pod borer (Conopomorpha cramerella Snellen), a

significant decrease in male captures resulted from the concurrent

deployment of kairomone and sex pheromone lures which might

have been due to the presence of pheromone precursors that may be

responsible for the apparent disruption effect (Niogret et al., 2022).

This may also be the case here wherein b-caryophyllene may

potentially be a pheromone precursor or that it has an

antagonistic effect with other semiochemicals. As there are

currently no available information regarding the identity and

composition of the sex pheromones of H. bakeri, this comparison

cannot be made. Nevertheless, behavioral observations on adult H.

bakeri support b-caryophyllene as a kairomone.
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Observations of their behavior during bioassays show that adult

H. bakeri exhibit host-seeking behaviors as indicated by their

protruded stylets and moving antennae. May it be for feeding or

oviposition, these behaviors are part of the important host-selection

process that precede the final decision of the insect to accept its host

(Bernays and Chapman, 1994; Schoonhoven et al., 2006). This

decision depends on stimuli perceived by the insect through organs

that contain sensilla (Romani et al., 2005). For example, antennae of

insects possesses specific olfactory receptor neurons (ORN) that

allow them to perceive behaviorally active compounds as well as

restrict the input of odor stimuli. These signals are processed in the

central nervous system of the insect and behavioral responses were

only elicited if the signals are appropriate (Hartlieb and

Rembold, 1996).

These results feature the potential of b-caryophyllene as an

attractant for H. bakeri. This compound is a bicyclic sesquiterpene

(Figure 3B) that has been reported to be involved in numerous

ecological interactions among plants, insects, and other organisms
B

A

FIGURE 4

Female (A) and male (B) adult Helopeltis bakeri showing protruded stylets (black arrowheads).
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acting as a pheromone, allomone, or kairomone. While some

insects produce this chemical, plants often create it naturally or

after attack by herbivores. For instance, maize seedlings infested by

the root feeder Diabrotica virgifera virgifera release b-
caryophyllene. It is then used by D. virgifera as a signal to locate

optimal hosts which are those that have been previously infested by

conspecific larvae (Robert et al., 2012). b-caryophyllene has not yet
been previously described as a kairomone for other Helopeltis spp.

and mirid bugs in general. It has been reported, however, to be a

kairomone for several insect species under Orders Diptera

(Rhagoletis pomonella Walsh (Nojima et al., 2003) and Bactrocera

dorsalis (Hendel) (Kao et al., 2002)), Coleoptera (Anoplophora

malasiaca (Thomson) (Yasui et al., 2008)), Hemiptera (Aphis

fabae Scopoli (Webster et al., 2008)), and Hymenoptera

(Bruchophagus roddi (Gussakovsky) (Kamm and Buttery, 1986)

and Lysiphlebia japonica (Ashmead) (Hou et al., 1997).

Future research will focus on the optimization of the trapping

system (e.g., trap type, placement and height) to establish its efficacy

in the field so that it can be incorporated with existing IPM

technologies for cacao. The optimum dose of the kairomone that

will be used in the field will also be optimized considering its

competition with the natural volatiles released by the cacao plants.
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