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India is the seventh largest producer of coffee with 395,000 tons of coffee exports that
earn 10 billion US dollars annually. Two varieties of coffee are grown in India, Coffea
arabica (arabica) and Coffea canephora (robusta). Xylotrechus quadripes, commonly
known as Coffee White Stem Borer (CWSB), is a major pest of arabica, causing
yearly crop damage of 17-40 million dollars. Management strategies, over 100 years in
development, have provided successful, yet inconsistent solutions due to differences in
local climate, elevation, natural enemies, grower diligence, and other factors. In addition,
increased pesticide use affects both pests as well as their natural enemies, which has
severe negative impacts on the biodiverse regions where coffee is grown. As a result, our
goal is to develop an ecology-based solution for long term management of CWSB that
reduces the use of pesticides and focuses on the importance of natural enemies and
native hosts. In situ behavioral experiments were performed to examine the preferences
of CWSB for various local species under field conditions. We found that CWSB beetles
were attracted to both healthy arabica and robusta plants, and host plant volatiles played
a key role in host selection. In addition, the beetles were attracted to the leaves of
these coffee plants and also two species of cut stems from common shade trees;
Spathodea campanulata (nandi flame) and Grevillea robusta (silver oak). Beetles were
not attracted toward cut stems of Tectona grandis (teak) or Coffea arabica. GC-EAD and
EAG experiments were then performed to identify host plant volatiles for these species,
and these compounds were tested in field conditions to assess their effectiveness against
the known chemical attractant pheromone. We found that the CWSB was attracted to
our identified host volatile blend as much as the pheromone lure, although trap catches in
general were very low. Having an understanding of the behavioral ecology of this pest can
form the basis for new methods that use natural attractant and repellent plants to control
the pests, reduce the cost of plantation pest management, and avoid the extensive use
of insecticides.
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INTRODUCTION

Coffee is among the most widely grown crops worldwide. India
is the seventh largest producer of coffee, growing two varieties,
Coffea arabica (arabica) and Coffea canephora (robusta; Dastagiri,
2017). Exports earn India $836 million (US) annually (The Coffee
Board of India, 2019). India is known for its shade grown
coffee while the rest of the world generally grows coffee as a
monocrop. Nearly 250,000 Indian farmers grow coffee across
different states, of whom ~98% are small-scale farmers (Lee
et al.,, 2007). The coffee plantation area in India has increased
by 56% in the past 25 years (The Coffee Board of India, 2020),
converting the diverse forest regions of Western Ghats (Garcia
et al,, 2010). The planted area of robusta has increased by 810%
from 1950 to 2019 (The Coffee Board of India, 2020), replacing
arabica farms that experience severe damage from pests. Coffee
plantations follow a complex cropping system with different
degrees of shade management (Tscharntke et al., 2011) using
native and exotic primary shade trees and secondary shade
trees (Suresh Kumar et al., 1992). These parameters vary from
plantation to plantation depending on the coffee varieties planted
and management practices followed (DaMatta, 2004). Several
studies have shown that Coffee agroforests could benefit wildlife
and provide avenues for conservation strategies as compared to
monocultures (Robbins et al., 2015; Karanth et al., 2016; Chang
et al., 2018). However, this conversion of the forest to coffee
plantations has also created a habitat for Xylotrechus quadripes,
a species of longhorn beetle (Cerambicidae) commonly known
as Coffee White Stem Borer (CWSB).

Longhorn beetles (Coleoptera: Cerambycidae) are one of
the most widespread insect families with 36,000 identified
species across the world (Allison et al., 2004; Wang, 2017). The
cerambycidae are also known for severely damaging forest trees
as well as agricultural crops (Robert, 2017) even though several
cultural and chemical control measures have been taken (Wang,
2017). One reason that farmers are shifting from arabica to
robusta is the heavy damage caused by CWSB (Gana, 2016). The
first incidence of CWSB attacking coffee plants was reported in
early 1838 (Le Pelley, 1968). Among the six major pests of arabica
(Venkatesha, 2010), CWSB now causes yearly crop damage of
17.5-40 million dollars (Hall et al., 2006; Venkatesha, 2010).
The life cycle of the beetle varies between 142 and 390 days in
field conditions depending on the size of the plants (Veeresh,
1995; Seetharama et al., 2005; Venkatesha and Dinesh, 2012). The
female beetle lays about 50-103 eggs in deep cracks of the coffee
bark (Venkatesha and Dinesh, 2012). Larvae initially feed on the
bark and later instars tunnel through the cambium and wood of
coffee stems, where they can obstruct plant nutrition and lead to
plant death. The larval stage of CWSB averages about 120 days
(Seetharama et al., 2005) tunneling deep inside the wood, thus
making it hard to kill with pesticides. The beetle has two peak
emergences in the year, from April to May and September to
December (Veeresh, 1995; Venkatesha and Dinesh, 2012) during
which the adult beetles find mates and select host plants for egg
laying between the hours of 10:00 and 16:00.

Several management practices have been followed over the
past 100 years to control CWSB infestation, including: shade

management to repel beetles from shady areas (the beetles
prefer open and well-lit areas), insecticides to kill adults and
early instars, bark scrubbing and stem wrapping to prevent
oviposition, mass trapping with pheromone-baited traps, and
uprooting and burning infested plants (CCRI, 2003; Hall et al.,
2006; Venkatesha and Dinesh, 2012; Manikandan et al., 2019).
Each of these practices have shown moderate to high success
rates. However, due to differences in local climate, elevation,
grower diligence, lack of continuous monitoring, and the cost
and manpower required to practice these methods, the stem
borer has become one of the toughest pests to control. As
stated, several insecticides have been applied to the coffee
stems both to kill and repel CWSB, but most insecticides
are not effective because the CWSB lays its eggs deep inside
the stem, and non-systemic insecticides do not reach the
larvae. Studies have also shown accumulation of chemical
residue from systemic and contact pesticides on coffee beans
(dosReis et al., 2015). Further, the use of insecticides could
have an impact on non-target insects and natural enemies
present in the ecosystem, which could exacerbate CWSB
infestation. As such, an ecological approach that considers
the natural history and host preference behavior of CWSB
could lead to integrated pest management that reduces the use
of pesticides.

Studies on mating behavior have shown that the beetles mate
on different parts of the coffee plant (Seetharama et al., 2004),
do not use visual cues for mate selection (Venkatesha et al.,
1995), and both females and males attract each other using
pheromones (Veeresh, 1995; Venkatesha and Dinesh, 2012). A
synthetic version of the CWSB pheromone (Hall et al., 2006)
is currently being used, but the pheromone lure does not
attract a significant amount of beetles (Rhainds et al., 2001a;
Hall et al., 2006). The beetle is endemic to India and a few
Asian countries such as Myanmar, Vietnam, Thailand, China, Sri
Lanka, Nepal, and Java (Le Pelley, 1968; Venkatesha and Dinesh,
2012). Although the native host is not verified, CWSB has several
purported host plants: Cudrania javanensis, Ixora coccinea,
Randia dumetorum, Randia spinosa, Wendlandia myriantha,
Psilanthus  bengalensis, Jasminum dispermum, Olea dioica,
Oroxylum indicum, Gardenia sp., Rhus semiciliata, Pterocarpus
marsupium, Premna pyramidata, and Trema orientalis (Veeresh,
1995; Santosh et al., 2011; Venkatesha and Dinesh, 2012) but
no severe damage by the borer on these plants has been
observed (Murphy et al., 2008). CWSB has also been observed
on cut wood piles of teak, Tectona grandis (Mathew, 1982) and
occasional gathering on other cut wood piles (Veeresh, 1995).
Cut arabica stems were placed in plantations but no individuals
were attracted (Veeresh, 1995). Severe CWSB infestation has
been observed on arabica coffee when compared with robusta
(Veeresh, 1995; Venkatesha and Dinesh, 2012), and it was
found that CWSB preferred arabica to robusta (Venkatesha
and Dinesh, 2012). Laboratory studies have also shown that
CWSB was attracted to stems coated with larval frass and coffee
sawdust (Rhainds et al., 2001b). Since CWSB has shown such
preference toward certain host plants, there is a possibility of
finding potential host attractants or non-host repellents from
these plants.
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The vast majority of chemical ecology literature on pest
host attraction has occurred in temperate, open fields, and not
in the unique shade-grown rainforest habitat of Indian coffee
plantations. In this study, we aim to assess what cues CWSB uses
to locate its hosts under field conditions. This means that we
must initiate the understanding of host attraction in this unique
habitat. Arabica volatiles from green tissues, branch and stem
have been tested in previous studies but very few beetles were
trapped (Murphy et al., 2008; Prashant, 2014). Earlier studies
have focused on the survival of CWSB on different host plants in
laboratory conditions (Shylesha, 1992), but not choice preference
assays. No studies to date have looked at CWSB host plant
selection behavior and the importance of visual vs. olfactory cues
for host selection in field conditions. To this end, we performed
a series of field-to-lab experiments to first understand how the
beetle reaches the host plants in this habitat, which species and
phenological aspects of the plant it prefers, and the potential for
chemical ecology to inform ecologically-based pest management
strategies in the vulnerable rainforest plantation systems of India.

METHODS
Study Area and Plant Species

Experiments were performed in the coffee plantations of
the Coffee Research Sub Station (CRSS), Chettali, Kodagu,
Karnataka (12°22/50.34"N, 75°50'15.37"E), Central Coffee
Research Institute (CCRI), Balehonnur, Chickamagalur,
Karnataka (13°22/8.89"N, 75°25'24.92"E), and Belur, Somwarpet,
Karnataka (12°33'14.35"N, 75°51'59.14"E). These locations
exist in the major coffee growing region of India and also have
reported CWSB infestations. CWSB has been observed to infest
arabica plants, cut stems, and occasionally robusta (Shylesha
and Veeresh, 1995; Veeresh, 1995; Rhainds et al., 2001b).
Hence, we selected arabica (S795) and robusta (CxR, peridenia)
plants as well as cut stems of arabica, nandi flame (Spathodea
campanulata), silver oak (Grevillea robusta), and teak (Tectona
grandis). Nandi flame and silver oak are commonly planted
shade trees (Muthuramkumar et al.,, 2006; Ambinakudige and
Sathish, 2009; Nath et al., 2011) on which we observed CWSB
oviposition during our preliminary observations in the field.
Teak was selected as it has been earlier reported to host CWSB
(Venkatesha and Seetharama, 1999a). Choice assays were
performed in field conditions to understand the CWSB behavior
toward host plants in their natural environment followed by
laboratory chemical and physiological assays and field trapping
studies. The plants and stems used for the different experimental
conditions were presented as they are present in their natural
condition in coffee plantations in order to represent field
conditions as accurately as possible.

Behavior Experiments

CWSB behavioral experiments were performed in coffee
plantations by covering two coffee plants of same age (planted
between 1982 and 1990) with a 4 x 3 x 4m (I x b x h)
black mesh net such that there was a minimum of 1 m above
the plants for the beetle to fly freely (Figure 1A). The behavior
experiments were performed during the CWSB peak emergence

period: March to May and October to December (Veeresh, 1995).
For choice assays between different conditions of the arabica
plant (infested, no leaves, or leaf rust), we used one plant for
each condition. For the arabica vs. robusta choice assays, we used
either one plant of each species covered with a 3.5 x 3.5 x 4m
black mesh net (during November 2015 and May 2016) or two
plants of each species covered with a 6 x 6 x 4 m black mesh
net (during April 2016). Plants were chosen based on different
experimental conditions: healthy (no sign of herbivore damage
or disease), infested (evidence of CWSB infestation in the stem),
presence of leaf rust infection, or fewer leaves (removed manually
immediately prior to experimentation). A minimum of 50 cm
distance was kept between condition and control plants as per
plantation guidelines. Cut stems of silver oak, nandi flame, and
teak used for choice assays were branches ~6cm in diameter
and 1.5m in length without foliage. Stems were placed upright
in the arena at 50 cm distance from the test coffee plant. For cut
arabica stems we used the main stem without any foliage, which
was ~4 cm in diameter.

Beetles used in the choice assays were collected upon
emergence once in the morning between 8:00 and 9:00 am and
once in the evening between 5:30 and 6:30 pm from infested
coffee stems kept in an ambient temperature storage room. The
sex of emerged beetles was identified based on morphology as
described by Venkatesha and Seetharama (1999b) and beetles
were stored separately in cages (size 32 x 32 x 32 cm, model no:
4F3030, BugDorm, Taiwan) with moistened cotton for hydration.
Sexually mature adult beetles of both sexes aged 1-6 days were
released in batches of 10 (5 on each pipe) at the top of each pipe
inside the 4 x 3 x 4 cage from two plastic PVC pipes 1 m in
height kept at a distance of 0.5 from each other and 1 m from the
test plants (Figure 1A). The beetles were observed from 9:30 am
to 5:00 pm according to the observed emergence activity period of
this species (Veeresh, 1995). Initial behavior experiments to study
how the beetle approached the coffee plants, where it landed and
where it mated were conducted for 15 days between 16th Oct
and 12th Nov 2015. We recorded observations of 327 CWSB
adults (183 males, 144 females) released in batches of 10-39 per
day (average of 21-12M, 9F) at the top of each pipe. Subsequent
choice assays were conducted between Oct-Dec 2015, Mar-May
2016, and Oct-Dec 2017. The number of beetles released for
each choice assay is mentioned in Supplementary Table 1. Once
a choice was made, the respective beetles were captured and
the sex of the insect was reidentified as described. Beetles that
made a choice were removed from further analyses, and beetles
that did not move or make any choice during the experiment
were collected and stored in a separate cage and used for the
experiment the next day. Experiments were conducted for 2-6
days based on the number of beetles that approached the plant
in the choice assay (minimum 18) except for the arabica and
robusta experiment (12 days) since the experiment was repeated
in different locations. The temperature and relative humidity of
the plant was recorded every 15 min using a data logger (model
no: Dt99, Mextech Technologies India Private Limited, India)
and light intensity (lux) was measured using a lux meter (model
no: MS 6612, Mastech, China) when each beetle approached the
plant (Supplementary Figures 1, 2).
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FIGURE 1 | Experimental set-up and behavior of Coffee White Stem Borer
(CWSB). (A) Top: Schematic illustration of the experimental setup. The setup is
of size 4 x 3 x 4m (I x b x h) covering two coffee plants and CWSB were
released on two PVC pipes 1 m from both plants. (B) Images of CWSB. (a),
mating on cage net (b), flying (c), landing on coffee leaves. (C) Mating site
preference and behavioral approach of CWSB. (a), Mating location (n = 72) (b),
Host plant approach (n = 38) (c), Host plant landing location (n = 37).

*p < 0.005, Chi-square test. See Supplementary Table 1 for statistical
details.

Volatile Sampling
Different volatile sampling methods were used for isolating
volatiles from coffee plant leaves. Polydimethylsiloxane

(PDMS) tubes, push-pull headspace sampling, and solid-phase
microextraction (SPME) were used to sample the headspace of
the coffee plants. We also employed solvent extraction to increase
the concentration of volatiles for identification and testing with
electroantennography. These four methods provide a different
level of resolution in time and space, so we employed multiple
techniques to provide a more comprehensive view of the system
and balance costs and benefits of each technique (see Nair et al.,
2018 for a more thorough discussion). For volatile sampling
using PDMS tubes, volatiles were collected for 4 h by suspending
three PDMS tubes above the coffee leaves using a conditioned
steel wire. The PDMS tube conditioning and desorption of
volatiles has been described earlier by Nordstrom et al. (2017).
The push-pull system used for headspace sampling was modified

from a protocol described earlier by Kigathi et al. (2009) and
Cha et al. (2017). Briefly, we used a 12V oil free diaphragm
pump [model no: CV 07, Medicare Equipments (India) Pvt. Ltd.,
India] with a maximum airflow of 7 lJpm and vacuum pressure of
0.75 bar powered with a portable 12V 18 amp DC battery. Clear
and cleaned vinyl tubing was used to connect between the inlet
(pull) of the pump, the outlet (push), and plastic food storage
bags kept in between (Zipouch fresh-n-loc, UFLEX, India) of
size 32X42 cm to seal the headspace of coffee leaves on the plant.
A 0.1-11 pm air flow meter (Novatech Instruments, India) was
used to control the air flow. Both the Zipouch bag and tubing was
cleaned with 70% ethanol, dried by flushing with nitrogen and
then kept in the oven at 80°C for 2h to remove contamination.
A hydrocarbon trap was placed before the air entered the bag to
avoid hydrocarbon contamination, and two activated charcoal
adsorbent tubes (model: Orbo 0424 - 20267-U, Sigma Aldrich,
USA) were used near the pull end to collect the volatiles. The
airflow at both the ends was held at 0.21pm and the sampling
collection was performed for 4h during the CWSB activity
period. Once sampled, the filters were sealed and stored in a 4°C
refrigerator until extraction. The filter samples were eluted using
1 ml of hexane and then concentrated to 100 pl under nitrogen
and 1 pl of the extract was injected in GC for further analysis.
Blank runs without the sample present were also performed to
note any contamination from the setup.

For solvent extraction, fresh coffee leaves were randomly
picked from healthy plants and weighed using a portable pocket
weighing scale (model no: MH-series, Manali Digi Commerce
Private Limited, India). Leaves were picked between 9 am and 5
pm, cut, and stored at 5 gm per sample in 30 ml borosil glass vials.
The solvent (hexane) was added until leaves were completely
immersed (~25 ml). The leaves were let to soak in solvent for 24 h
and then removed using forceps. The bottle was capped, sealed
with parafilm, and stored in a 4°C refrigerator until use. Before
concentration, 10 pl of 1072 v/v of hexyl butyrate dissolved in
hexane was added as an internal standard. This chemical was
chosen as it has a retention index in the range of the host volatiles
found in preliminary trials, but was not observed in the samples
themselves. Activated charcoal and sodium sulfate was also added
to the extract to remove chlorophyll and water content by visual
inspection. This process was repeated until the extract was free of
chlorophyll and water. The solvent extract was then filtered using
filter paper (model no: 1001110, Whatman, United Kingdom) to
remove leaf particles and activated charcoal. Once this process
was completed, the solvent extract was concentrated under
nitrogen to ~100 ul, and 1 pl of the extract was injected into
the GC. For GC-EAD, the solvent extract was made as described
above from 40 gm of coffee leaves and 0.1 pul of hexyl butyrate as
an internal standard.

SPME fibers were used to sample volatiles from wood of
teak, nandi flame, silver oak, and arabica, as well as fresh leaves
of arabica coffee collected from the University of Agriculture
campus Bangalore, India. Volatiles were collected from the wood
samples (>6cm diam. x 10 cm length) 5 days after they were
cut from trees at field stations at Chettali, since during our
preliminary observations we found that beetles were attracted
toward the cut stems of silver oak when the cut wood was 5
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days and older and not when it was freshly cut. SPME was
performed by placing the samples inside a cleaned and heated
glass jar of size 15 x 11cm (hxd). A 10 pl aliquot of 1073 v/v
hexyl butyrate was added as an internal standard to a circular
filter paper disk (0.5 cm diameter; model no: 1001110, Whatman,
United Kingdom) and placed inside the glass jar to assess the
general efficacy of the extraction technique as well as to compare
release rate ratios (see Insect Trapping). The system was sealed
with aluminum foil. The SPME fiber used was 50/30 um of
assembly DVB/CAR/PDMS (model no: 5728-u, SUPELCO, USA)
and was exposed to the sample for 30 min and then injected into
the GC.

For all sampling experiments, control runs were performed
without the analytes present to identify potential contaminants.
For more details on our general rationale with slightly different
protocols and analytes, please see (Nair et al., 2018).

Insect Rearing and Collection

The beetles used for behavior experiments were collected
from infested stems stored at Central Coffee Research Sub-
Station, Chettali, Kodagu, Karnataka. For EAG and GC-EAD
experiments, infested coffee stems were collected from field
stations at Chettali, transported to National Center for Biological
Sciences (NCBS), Bangalore, and kept inside mesh cages of size
(60 x 60 x 90cm) at ambient temperature. The beetles were
collected on emergence and transferred to a smaller mesh cage
of size (32 x 32 x 32 cm) (model no: 4F3030, BugDorm, Taiwan)
stored in an insect rearing room with a temperature between 25
and 26°C, RH > 60% and light:dark cycle of 14:10 h. The cage
sides were sprayed with water once in the morning at 9:00 and
again at 16:00, and cotton soaked in water was placed inside the
cage on petri dishes to keep the animals hydrated.

GC-MS

A gas chromatograph from Agilent technologies, GC 7890 B
coupled with MSD 5977A Mass spectrometer was used for both
GC-MS and GC-EAD experiments. For the GC system, the
column used was a DB-5MS (30m x 0.25mm id, 0.25 pm film
thickness). The front inlet temperature was kept at 275°C. The
entire GC run was 23.6 min, where the column oven was kept
at 40°C for 1 min, increased to 180°C at a rate of 10°C/min and
finally increased to 270°C with a 5min holding temperature in
the second ramp at 25°C/min, with helium as the carrier gas at a
flow rate of 1 ml/min. The FID temperature was kept at 300°C,
the GC-MS interface at 250°C, the electron impact ionization
source at 230°C, and the quadrupole temperature at 150°C,
respectively. Ionization was performed in electron impact mode
with ionization energy of 70 eV. The response peak compounds
were identified using Agilent MassHunter Workstation software
B.07.00. Qualitative analysis was assessed using the following
four methods, similar to Nordstrom et al. (2017) and Nair
et al. (2018): (1). Assessing the mass spectral peaks themselves,
(2). Comparing mass spectral data of the unknown peaks with
library spectra [National Institute of Standards and Technology
(NIST)], (3). Comparing peak relative retention index (using C8-
C40 hydrocarbons alkanes standard, Sigma Aldrich, Bangalore,
India), and (4). Comparing to authentic standards.

EAD/EAG

GC-EAD experiments were performed to initially identify the
host volatiles detected by the insect olfactory system and then
EAG experiments were performed to assess the sensitivity of
the beetles toward the identified volatile compounds. For GC-
EAD, a Gerstel odor detection port ODP3 (Olfactory Detection
Port; Gerstel, Germany) was connected to the column using
a Capillary Flow Technology 3-way splitter with makeup gas
(Agilent G3183-60500, Agilent Technologies, USA). The splitter
was kept in the ratio of 1:1:5 for GC-MS: FID: EAD. The ODP
transfer line was kept at 250°C and the ODP exit port at 150°C.
0.5 lpm humidified airflow was added at the ODP head and
another 0.5 lpm was added at the exit nozzle. The GC-EAD
files were analyzed using GC/EAD32 version 4.3 by Syntech
(Germany) for insect responses and retention times of responses.

Healthy and actively moving insects, 3-7 days old, were used
for EAD and EAG experiments. Live whole beetles were placed
inside 1 ml pipette tips and sealed at the back using dental wax
to reduce movement. A small hole was made in the pipette
tip right above the thorax to ground the insect preparation
using a minutian pin. A silver wire of diameter 1 mm and glass
micropipette of diameter 1.5 x 1.1 mm (outer x inner diameter;
model no: B150-110-10, Sutter Instrument, USA) filled with
hemolymph ringer solution (see Olsson and Hansson, 2013) was
used as a recording electrode inserted over the antennal tip.
Control, blank, and chemical stimuli were used to test antennal
sensitivity. For EAG, the stimuli were presented using a custom
built delivery system at 0.5s pulse at 0.5 Ipm as described in
(Getahun et al., 2012; Tait et al., 2016). The EAG data acquisition
was performed using EAG2000 (Ockenfels Syntech, DE) and
a Syntech intelligent data acquisition controller (IDAC-4). The
chemicals used for EAG studies were dissolved in mineral oil
(Sigma Aldrich, India) in serial dilutions ranging from 107! to
10~° v/v. Stimuli were prepared and delivered in Pasteur pipettes
as in Getahun et al. (2012) and Ghaninia et al. (2014).

Chemicals

All compounds used as standards for identification, for EAG
experiments, and for making the volatile blend of coffee leaves
and cut stems were purchased at highest purity available (purity
>90%) from vendors listed in Table 1. (E)-p-ocimene (mixture of
isomers), CAS 13877-91-3, was purchased from Sigma-Aldrich,
India at >90% purity.

Insect Trapping

Insect trapping experiments were performed to assess the
attraction of CWSB toward the identified host volatile
compounds in field settings as compared to the currently
used pheromone lure. The host volatile blends used in the
traps were created based on the results from GC-EAD, EAG,
SPME, and solvent extractions and the ratio was modified
empirically to match the average relative area ratios of the
identified compounds found in the leaf and cut wood extracts
[Supplementary Tables 2-4; see Nordstrom et al. (2017) for a
similar process]. The blend release rate ratio was assessed by
adding 1 ml of each blend in mineral oil to 2 cotton swabs of
size 4 x 0.5cm (hxr) in a heavy duty reclosable bag of size 2 x
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TABLE 1 | List of volatile compounds of arabica coffee (SPME), arabica coffee (Solvent extraction), robusta coffee (Solvent extraction), cut stems of silver oak, nandi flame

and teak (SPME).

Compoundname KRI® LRI° CASno Source of standard Method of Arabica Arabica Robusta Silver oak Nandi Teak
identifi SPME n=7) (n=11) (n=6) flame (n=24)
-cation® n=4) (n=4)
(E)-2-hexenal 858.61 854 6728-26-3 Alfa Aesar, USA ABCD X X X
(2)-3-hexen-1-ol 863.57 857  928-96-1 Alfa Aesar, USA ABCD X X X
(E)-2-hexen-1-ol 879.26 862  928-95-0 Sigma Aldrich, India ABCD X X X
2-heptanol 900.19 901 543-49-7 ABC X X
()-a-pinene 93133 937  80-56-8 Sigma Aldrich, India ABCD Y
(£)-camphene 947.33 952 79-92-5 ABC X
Benzaldehyde 969.64 962 100-52-7 Sigma Aldrich, India ABCD X
5-ethyl-2,5- 963.29 966 2407-43-4 ABC X X
dihydrofuran-2-one
(O)-p-pinene 98373 979 18172-67-3 Sigma Aldrich, India reco I e
1-octen-3-ol 978.29 980 3391-86-4 Sigma Aldrich, India ABCD X X X
3-octanone 984.78 986  106-68-3 ABC X
2-pentylfuran 988.54 993  3777-69-3 Sigma Aldrich, India ABCD X X
(E)-2-ethyl-2- 987.59 996 50639-00-4 ABC X
hexen-1-ol
3-carene 1006.33 1011 13466-78-9 Honeywell Fluka, Germany. ABCD X X
(E)-3-hexanoic acid 1021.41 1021 1577-18-0 ABC X X
(R)-(+)-limonene 1029.61 1031 5989-27-5 Sigma Aldrich, India ABCD X X xd X X
1,8-cineole 1033.55 1032 470-82-6 Sigma Aldrich, India ABCD X
Benzyl alcohol 1043.9 1036 100-51-6 Sigma Aldrich, India ABCD X X
Phenylacetaldehyde 1046.01 1045  122-78-1 Sigma Aldrich, India ABCD X X
Unknown 1 1062.77
y-terpinene 1065.4 1061 99-85-4  Sigma Aldrich, India ABCD X
Unknown 2 1058.91 X X
Unknown 3 1065.18 X X
Acetophenone 1074.09 1065 98-86-2 Honeywell Fluka, Germany ABCD X X
(+/-)-linalool 1097.12 1099  78-70-6 Sigma Aldrich, India ABCD X X X
n-undecane 1100.81 1100 1120-21-4 Sigma Aldrich, India ABCD X
Unknown 4 1099.75 X
Unknown 5 1103.42 X X
1-nonanal 1106.27 1104  124-19-6 Acros Organics, USA ABCD X X
Unknown 6 1109.13 X X
Phenylethyl alcohol 1121.72 1116 60-12-8 Sigma Aldrich, India ABCD X X
(E)-2-(2)-6- 1154.81 1155  557-48-2 ABC X X
nonadienal
Unknown 7 1165.75 X
(£)-borneol 1166.35 1167 507-70-0 ABC X
() linalool oxide 1168.18 1178 14049-11-7 ABC X X
(pyranoid)
n-octanoic acid 1179.13 1180 124-07-2 N/A ABCD X
2-isobutyl-3- 1183.07 1183 24683-00-9 ABC X
methoxypyrazine
Methyl salicylate 1193.92 1192  119-36-8 Sigma Aldrich, India ABCD X X X
n-dodecane 1200.5 1200 112-40-3 Sigma Aldrich, India ABCD X X
B-cyclocitral 1219.48 1220 432-25-7 N/A ABCD X X
Nerol 1233.21 1228 106-25-2 Honeywell Fluka, Germany. ABCD X
Isogeraniol 1237.63 1240 5944-20-7 ABC X
1,3-di-tert- 1250.07 1247 1014-60-4 ABC X
butylbenzene
B-homocyclocitral  1257.13 1254  472-66-2 ABC X
(Continued)
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TABLE 1 | Continued

Compound name KRI? LRI® CAS no Source of standard Method of Arabica Arabica Robusta Silver oak  Nandi Teak
identifi SPME n=7) (n=11) (n=6) flame (n=4)
-cation® (n=4) n=4)

2,6,11- 1274.22 1275 31295-56-4 ABC X X

trimethyldodecane

p-mentha- 1294.37 1287 29548-13-8 ABC X

1(7),8(10)-dien-9-ol

Isopropyl salicylate 1315.21 1320 607-85-2 ABC X

4,6- 1326.13 1325 61141-72-8 ABC X

dimethyldodecane

3-elemene 1339.62 1338 20307-84-0 ABC X

1,1,4,5- 1355.9 1355 16204-57-2 ABC X

tetramethylindane

Farnesane 134416 1366 3891-98-3 ABC X

(+)-cyclosativene  1372.55 1368 22469-52-9 ABC X

a-ylangene 1390.77 1373 14912-44-8 ABC X

Tetradec-1-ene 1384.23 1392 1120-36-1 Sigma Aldrich, India ABCD X X

n-tetradecane 1392.42 1400 629-59-4 Sigma Aldrich, India ABCD X

1-dodecanal 1410 1409 112-54-9 ABC X

(B)-p-caryophyllene 1421.52 1419  87-44-5 Sigma Aldrich, India ABCD ------

a-ionone 1425.85 1426  127-41-3 ABC X X

B-gurjunene 1431.72 1432 17334-55-3 ABC X

(E)-a-bergamotene  1443.2 1435 13474-59-4 ABC X

(+)-aromadendrene 1438.7 1440  489-39-4 ABC X

2,6-di-tert-butyl- 1465.03 1471 719-22-2 ABC X

1,4-benzoquinone

(E)-B-ionone 14839 1486  79-77-6 ABC X X

2,4-di-tert- 1607.47 1519  96-76-4 ABC X

butylphenol

Ethyl 152525 1529 23676-09- ABC X

4-ethoxybenzoate o7

2,6,10- 1544.36 1539 14905-56-7 ABC X

trimethyltetradecane

(+/-)-(E)-nerolidol ~ 1559.14 1564 40716-66-3 N/A ABCD X

(3E,7E)-4,8,12- 1577.09 1577 62235-06-7 ABC X

trimethyltrideca-

1,3,7,11-tetraene

n-hexadecane 1600.58 1600 544-76-3 Sigma Aldrich, India ABCD X

Unknown 8 1666.34 X

1-pentadecanal 1713.29 1715 11/9/2765 ABC X

(E,E)-farnesol 1726.11 1722 106-28-5 ABC X

Benzyl benzoate 1770.32 1762 120-51-4 Nice Chemicals, India ABCD X

n-tetradecanoic 1769 1768  544-63-8 N/A ABCD X

acid

Caffeine 1863.26 1835  58-08-2 AB X X

6,10,14- 1837.67 1844 502-69-2 N/A ABCD X

trimethylpentadecan-

2-one

(E)-phytol 2115.24 2114 150-86-7 ABC X

Squalene 2834.8 2832 111-02-4 ABC X

aKRI, Calculated Kovats Retention Index. PLRI, Library Retention Index. °Method of identification (A, NIST Library Search. B, Mass spectrum match. C, Relative retention index match.
D, Authentic standards match). See GC-MS for details. (R)-(+)-limonene was only found in two samples of five day old cut stems of silver oak.

3 in (Cousin Corporation of America, USA) and placing it in  the release rate consistency with 30 min exposure time (time
outdoor field conditions. SPME was performed on the blends  calibrated to avoid saturation) by placing the bag inside a glass
after approximately every 2h from 9:00 to 18:00h to measure  jar of size (15 x 11cm) similar to the one used for cut wood
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volatile sampling. Files were analyzed using Agilent MassHunter
Workstation software B.07.02.1938 and the relative area was
compared with the relative area of leaf and cut wood extracts
so that it matched close to the relative ratios (note, not total
abundance) of the plant release rate. One ml of each blend
was used.

For field studies, we tested three blends: a coffee leaf blend
based on volatiles of coffee leaves (“LB”), wood blend 1 (“WB1”)
and wood blend 2 (“WB2”), both based on the volatiles of cut
stems of silver oak and nandi flame. The 1ml aliquot of LB
contained 0.18 pl of (E)-2-hexen-1-ol, 0.54 ul of (Z)-3-hexen-
1-ol, 0.11 pl of (E)-2-hexenal, and 0.15 pl of (%)-linalool in
1,000 pl (v/v) of mineral oil. WB1 contained 3.4 pl of (£)-a-
pinene, 5.6 il of (-)-B-pinene and 9.09 1 of (E)-B-caryophyllene
in 1,000 wl (v/v) of mineral oil. WB2 contained 3.2 pl of (£)-a-
pinene, 5.3 pl of (-)-B-pinene, 8.6 pl of (R)-(+)-limonene and
47.6 1 of (E)-B-caryophyllene in 1,000 w1 (v/v) of mineral oil.
The blends were added to cotton swabs in bags as described
and then placed in cross-vane panel traps (SKU AST0030-
G, Alpha Scents Inc., USA) coated with fluoropolymer resin
(Insect-a-slip Insect Barrier—Fluon, BioQuip products, USA) to
increase trapping efficiency (Graham et al., 2010; Graham and
Poland, 2012). Pheromone lures (Pest control (India) Pvt. Ltd,
India) currently being used in coffee plantations for trapping
CWSB were also used. All traps were placed in two locations
100 m apart from each other. Each location contained 7 traps
placed 20 m apart (Supplementary Figure 3A) and experiments
were repeated for 106 trap days over two CWSB emergence
seasons during October-December 2018 and March-May 2019.
The seven blends used for the traps were: LB + pheromone,
WBI alone, WBI1 + pheromone, WB2 alone, WB2 + pheromone,
pheromone alone, and mineral oil (control). We did not test
LB without the pheromone because in preliminary tests in
the cage setup with the LB alone we did not observe any
beetles approaching the traps (beetles released = 55, days
observed = 6). The lures were placed in the center of the panel
traps (Supplementary Figure 3B) and fresh blends were added
every day in the morning before 9:00 am. The collection trap
was filled with 30% ethanol to kill and preserve the insects
trapped. The collection trap (Supplementary Figure 3C) was
emptied twice a week and the CWSB trapped were stored
in 50ml falcon tubes and identified based on morphology as
described by Sangamesh (2015). Voucher specimens of CWSB
(ID: UASB02023120), Xylotrechus smei (ID:UASB02023121) and
Demonax balyi (ID:UASB02023123) have been deposited at the
Department of Entomology, UAS, Bangalore.

Statistical Analysis

We used Chi-square analysis for behavior experiments and
two-choice bioassays. The choice assays for each experiment
were performed for a maximum of 5 days and the number of
beetles (N) that made a choice were considered for statistical
analysis (n = 18-69). Cohen’s w, an effect size index was
calculated by dividing the chi-square value (X?) by the number
of samples (N) and then taking the square root (Cohen,
1988). Regression lines for EAG were fit using the non-linear
regression method (GraphPad Prism Software). The EAG data

was tested for homoscedasticity (GraphPad Prism Software) and
significance was tested using Mann-Whitney test (GraphPad
Prism Software). GraphPad Prism Software (USA) and Inkscape
software (Inkscapes’s contributors) were used to make the figures.
See Supplementary Table 1 for statistical details.

RESULTS

CWSB Approaches Arabica Coffee Plants
in Flight and Prefers to Land on the Coffee

Leaves

We first looked at whether the beetles exhibited mating-
site preference toward arabica coffee plants (Figurel; see
Supplementary Table 1 for all statistical details). We found that
1% mating occurred on arabica coffee plants, 53% on cage nets
(Figure 1Ba) and 46% at the release site (Figure 1Ca, N = 72).
This indicates that beetles were willing to mate at alternative
locations where they find each other (perhaps via pheromone
cues; Venkatesha et al., 1995, Veeresh, 1995) and the host plant
does not seem to be imperative for mating success. Secondly,
we examined how the beetles approached the coffee plants. We
found that 95% (Figure 1Cb), N = 37, p < 0.001, chi-square)
of the beetles that approached plants flew to the plant rather
than walked. This suggested that the cues beetles are using to
recognize hosts must be perceived in flight (Figure 1Bb). Thirdly,
we examined where the beetles preferred to land on coffee plants.
In this case, we found that 97% (Figure 1Cc, N = 38, p < 0.001,
chi-square) of the beetles preferred coffee leaves (Figure 1Bc),
suggesting that the leaves are important for host selection, even
though egg-laying is performed on the stem. We thus followed
these experiments with additional choice assays to determine the
extent of this preference, if any.

CWSB Prefers Healthy Arabica and
Robusta Coffee Plants With Leaves, as
Well as Cut Stems of Silver Oak and Nandi

Flame

Once we determined how the beetles approached the coffee
plants, we then examined the host preference of the beetles
toward the two major coffee varieties grown in India —Coffea
arabica (arabica) and Coffea canephora (robusta), as well as
cut wood of different trees commonly found in the plantations
(Figure 2A; see Supplementary Table 1 for statistical details).
Arabica exhibits the highest infestation rates, and hence we
looked at what type of arabica plant—healthy with leaves, no
leaves, infested, or low leaf rust—the beetles preferred. First we
found that 78% of the beetles preferred coffee plants with leaves
over no leaves (Figure2Aa; N = 18, p = 0.018, chi-square).
This suggests cues from leaves are important for host selection,
although we note that some of this difference could be due to the
reduced surface area of the defoliated plant. We then found that
70% of the beetles preferred healthy coffee plants over infested
coffee plants (Figure 2Ab; N = 23, p = 0.033, chi-square). No
preference was observed between higher and lower levels of leaf
rust on coffee plants (Figure 2Ac; N = 19, p = 0.491, chi-square).
This suggests that the beetles preferred uninfested coffee plants
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FIGURE 2 | Host preference and cues used by Coffee White Stem Borer
(CWSB). (A) Top: CWSB host preference in a 2-choice behavioral bioassay.
(a), Healthy coffee plant with leaves vs. healthy coffee plants without leaves (n
= 18) (b), Healthy coffee plant vs. infested coffee plant (Coffea arabica) (n =
22) (c), Healthy coffee plant vs. high leaf rust coffee plant (n = 19) (d), Healthy
coffee plant vs. healthy robusta (Coffea canephora, n = 69) (e), Healthy coffee
plant vs. arabica cut stem (n = 23) (f), Healthy coffee plant vs. teak (Tectona
grandis) cut stem (n = 29) (g), Healthy coffee plant vs. nandi flame (Spathodea
campanulata) cut stem (n = 25) (h), Healthy coffee plant (Coffea arabica) vs.
silver oak (Grevillea robusta) cut stem (n = 26). (B) Cues used by CWSB for
host selection. (a), coffee plants (Coffea arabica) with both visual and volatile
cues present vs. visual cues present but volatile cues reduced (n = 27). (b),
Coffee plants with both visual and volatile cues present vs. volatile cues
present but visual cues reduced (n = 21). *p < 0.05, chi-square test. See
Supplementary Table 1 for statistical details.

over infested plants, but that leaf rust did not inhibit preference.
We also examined host preference between the two varieties of
coffee and found that 88% of the beetles preferred robusta over
arabica (Figure2Ad; N = 69, p < 0.001, chi-square). This is
notable as historically robusta is considered less attractive than
arabica (Venkatesha and Dinesh, 2012).

In preliminary field observations, beetles were also observed
gathering on freshly uprooted and cut arabica stems and cut
wooden poles of various species which were chopped and left
in the field for 3-12 days. We thus explored whether cut wood
might act as an alternative host to coffee plants, and if this
response is species-specific or generic to fresh cut wood as a

whole. We tested cut wood of four species: teak, nandi flame,
silver oak and arabica coffee (see section Study Area and Plant
Species). We found that the beetles did not prefer cut arabica or
cut teak stems to a healthy coffee plant. A total of 83% preferred
healthy arabica plant over cut arabica stems (Figure 2Ae; N =
23, p = 0.001, Beetles released = 121, chi-square) and 93% of
the beetles preferred a healthy coffee plant over cut teak stems
(Figure 2Af; N = 29, p < 0.001, chi-square). We note that the
increased surface area of the live plant could have contributed
to this preference. Nevertheless, for cut nandi flame and silver
oak stems, 36% approached nandi flame (Figure 2Ag; N = 25,
p = 0.161, chi-square) and 56% approached cut silver oak stems
(Figure 2Ah; N = 32, p = 0.479, chi-square) when given a choice
against healthy arabica plants. This suggests that cut stems of
nandi flame and silver oak have cues that are also attractive to
CWSB when compared to coffee plants despite a difference in
surface area. However, this preference cannot be extended to cut
wood in general, as teak and arabica stems were not preferred
against coffee plants.

Plant Volatiles Are Important for Host Plant

Selection

We next examined what long-distance cues the beetles use to
select host plants (Figure 2B, see Supplementary Table 1 for
statistical details). We first tested for the importance of combined
olfactory and visual cues by covering one coffee plant with a
transparent plastic sheet to permit visual cues but prevent escape
of plant volatiles and covering the other coffee plant with a plastic
sheet ventilated with several holes to allow volatiles to escape. The
two sheets were swapped between the plants every day before
the experiment to avoid side bias. Seventy-eight percentage of
the beetles preferred coffee plants where both volatiles and visual
cues were present (Figure 2Ba; N = 27, p = 0.003, chi-square).
This suggests that volatiles released from the plant are important
for host location. We next altered the visual cues by covering
one of the coffee plants with a black mesh net over the plastic
net with holes that obscured reflected light from the plants,
whereas the other coffee plant was covered only with the clear
plastic sheet with holes, similar to Raguso and Willis (2005).
In this experiment, the beetles preferred both plants equally
(Figure 2Bb; N =21, p = 0.241, chi-square) suggesting that visual
cues are not of primary importance for host choice.

Attractive Hosts Exhibit Several Common

Volatile Compounds Between Species

From our choice assay experiment, we identified both healthy
coffee plant leaves and two cut wood species (silver oak and nandi
flame) that were attractive to CWSB. We also determined that
volatile cues were of primary importance for choosing plants.
Hence, we wanted to identify the volatiles released by these
attractants. We also examined the volatiles of cut stems of teak
and arabica since they were not as attractive as healthy coffee
plants. We identified 37 (4 unknown) and 59 compounds (8
unknown) from solvent extracts of arabica (N = 7) and robusta
(N = 11) varieties of coffee leaves (Table 1). From SPME of
arabica leaves (N = 4), we identified 5 compounds that were
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also present in the solvent extraction of both arabica and robusta
(Table 1, highlighted in gray in Table1). The five common
compounds were (E)-2-hexenal, (Z)-3-hexen-1-ol, (E)-2-hexen-
1-ol, ()-linalool, and methyl salicylate. SPME was performed
on cut stems of silver oak, nandi flame, Arabica, and teak.
Nine compounds were identified from silver oak (N = 6) and
six compounds were identified from nandi flame and teak (N
= 4) with (%)-a-pinene, (-)-p-pinene, and (E)-p-caryophyllene
consistently present in all cut wood samples. (R)-(+)-Limonene
was also present in all cut wood samples, but while in silver
oak cut stems it was found in all freshly-cut wood samples
(n 3), this compound was only observed in 20% of the
attractive 5 days or older cuts (n = 2/10). Camphene, eucalyptol,
(4)-aromadendrene, a-ylangene, y-terpinene, and p-gurjunene
were present only in silver oak. 1-octen-3-ol, 3-octanone, and
3 unknown compounds were present only in nandi flame. (4)-
cyclosativene and (E)-a-bergamotene were present only in teak
(Table 1).

CWSB Can Detect Several Compounds

From Attractive Hosts

GC-EAD experiments were conducted to identify which volatiles
were detected by the beetle olfactory system (Figures 3Aa,b).
A total of 15 males and 23 females were tested with hexane
extracts of coffee leaves and the response of 6 males and 20
females were analyzed. The beetle responded to 18 unique
compounds (Supplementary Table 5) from the solvent extracts
of arabica and robusta (Table 1). A total of 12 compounds could
be identified: (Z)-3-hexen-1-ol, acetophenone, (E)-2-hexen-1-
ol, (E)-2-hexenal, n-dodecane, methyl salicylate, tetradec-1-ene,
benzyl alcohol, 2,6,11-trimethyldodecane, caffeine, 5-ethyl-2,5-
dihydrofuran-2-one, and (E)-3-hexanoic acid (Figure 3B). The
female antennae responded to 18 compounds and the male
antennae responded to 8 compounds (Supplementary Table 5).

CWSB Exhibits Differential Sensitivity

Toward Identified Host Volatile Compounds
Following GC-EAD experiments, EAG experiments were
performed to assess antennal sensitivity toward the identified
chemicals (Figure 4). Eight compounds were selected from coffee
leaf extracts to which the beetle gave response during GC-EAD
(based on the availability of synthetic standards): (Z)-3-hexen-ol,
(E)-2-hexen-al, (E)-2-hexen-ol, acetophenone, n-dodecane,
methyl salicylate, benzyl alcohol, and tetradec-1-ene. Two
compounds present in SPME analysis of coffee leaves were
tested: ()-linalool and 1-nonanal. An additional six compounds
present in cut wood of silver oak, nandi flame and teak, were
also tested: (=£)-a-pinene, (-)-B-pinene, (E)-p-caryophyllene,
y-terpinene, (R)-(+4)-limonene, and (E)-B-ocimene (the last two
compounds were only found in fresh stems of silver oak). Male
CWSB antennae exhibited significant responses (Mann-Whitney
test) as compared to the solvent control for (E)-2-hexenol (N =
5, p = 0.0041) and benzyl alcohol (1 = 10, p = 0.0042) at 10~>
v/v. (E)-2-Hexenal (n = 5, p = 0.0159), (£)-linalool (n =5, p =
0.0317) and acetophenone (n = 5, p = 0.007), elicited responses
at a threshold of 1072 v/v, and (Z)-3-hexenol (n = 17, p=

0.0079), (£)-a-pinene (n = 5, p = 0.01), (-)-B-pinene (n = 5, p
=0.0159), and (E)-B-caryophyllene (n = 5, p = 0.0159) at 10~!
v/v. No significant response from male antennae was observed
at any tested concentration for methyl salicylate, 1-nonanal,
n-dodecane, y-terpinene, (R)-(4)-limonene, and tetradec-1-ene
(n=5). Female CWSB antennae responded significantly to seven
compounds: (Z)-3-hexenol (n =11, p = 0.0336) and (£)-linalool
(n = 10, p = 0.0003) at 1073 v/v, and (£)-a-pinene (n = 17, p
= 0.0001), (R)-(+)-limonene (n = 8, p = 0.007), (E)-B-ocimene
(n = 10, p = 0.0185), (E)-2-hexenol (n = 5, p = 0.0317), and
(E)-2-hexenal (n = 5, p = 0.0317) at 1072 v/v. No significant
response from female beetles was observed to any concentration
of methyl salicylate, 1-nonanal, n-dodecane, acetophenone,
benzyl alcohol, y-terpinene, (-)-p-pinene, tetradec-1-ene (n = 2,
Mann-Whitney test), and (E)-B-caryophyllene (n = 5).

Host Volatile Lures Attracted as Many
Beetles as Pheromone Lures in Plantation
Trap Analyses

Once the compounds were identified, three types of blends
were made based on EAG/EAD active compounds that were
also present in leaves or cut wood attractive to CWSB. The
first blend was made based on the coffee leaf volatiles and
the other two blends were made based on cut wood volatiles
of silver oak and nandi flame. The leaf blend (LB) was made
using 4 compounds: (Z)-3-hexen-1-ol, (E)-2-hexen-1-ol, (E)-2-
hexen-1-al, and (&)-linalool. Cut wood blend 1 (WB1) had 3
compounds [(£)-a-pinene, (-)-B-pinene, (E)-B-caryophyllene]
common between nandi flame and silver oak. Cut wood blend
2 (WB2) contained 4 compounds [(+£)-a-pinene, (-)-B-pinene,
(E)-p-caryophyllene, (R)-(+)-limonene] based on the volatiles
of nandi flame and silver oak. (E)-B-ocimene was not included
since the compound was present only in young freshly cut
silver oak stems and not in 5 day old stems that attracted
beetles during preliminary field observations. We trapped three
species of longhorn beetles (Figure 5; see Supplementary Table 1
for statistical details): Demonax balyi, Xylotrechus smei, and
Xylotrechus quadripes (CWSB). A total of 36 D. balyi, 19 X. smei
and 18 X. quadripes were captured over 106 trap days across two
seasons during Nov-Dec 2018 and March-May 2019 (Figure 5).
Note that while species was noted, sex could not be confidently
identified after collection due to rapid tissue degradation. A single
CWSB was trapped in control, 5 in pheromone, 5 in WB1, 5
in WB1 + pheromone, 2 in LB + pheromone and no beetles
were trapped in WB2 or the WB2 + pheromone lure (Figure 5;
n = 18, p = 0.041, chi-square). However, while the Chi-square
test indicated there was a treatment effect, i.e., that total CWSB
catches per treatment differed from a 1:1:1:1:1:1:1 ratio, due to
the low trap catch numbers, further statistical inferences would
be unreliable.

DISCUSSION

Coffee agroforests have a complex structure with understory,
mid-level and high-level canopy trees rich in animal diversity
(Caudill et al., 2014; Robbins et al., 2015; Karanth et al., 2016;
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FIGURE 3 | Gas Chromatography—electroantennographic detection (GC-EAD) responses of CWSB. (A) GC-EAD traces with Flame lonization Detector (FID) peaks
and electroantennographic (EAD) responses of CWSB for hexane extracts of robusta (a) and arabica (b). (B) GC-EAD responses of male and female CWSB for
different compounds of arabica and robusta hexane leaf extracts identified in Table 1 (n values of male and female for each compound listed in

Supplementary Table 5). 1V, microVolt; FID, Flame lonization Detector; EAG, Electroantennography.

Chang et al., 2018). The use of chemical control to combat eventually lays its eggs. Second, we found that CWSB exhibits
CWSB infestation will have an impact on the biodiversity  attraction to healthy arabica and robusta plants as well as
in the ecosystem (Mone et al, 2014). Understanding the cut stems of silver oak and nandi flame. Furthermore, we
behavior of CWSB can help us to identify natural attractants  observed that volatile cues are important for this choice and
and repellents to monitor, trap or repel the pest and form  demonstrate that the olfactory system of CWSB can detect
more ecologically-based management practices that require less  several volatiles identified from these potential hosts. Finally,
manpower and effort while minimizing the use of pesticides. =~ we found that identified host volatile compounds of cut
In our study, we found using in-plantation field behavioral stems were as attractive as the pheromone lures currently
assays that CWSB approaches coffee plants directly in flight  being used to trap and monitor CWSB beetles. Understanding
and lands on coffee leaves rather than the stem where it the ecology, behavior, host preference, and chemical ecology
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FIGURE 4 | Electroantennogram recordings and concentration response curves. Response of male CWSB (Brown) and female CWSB (Blue) antennae to different
coffee leaf volatiles (A=J) and cut stems (K-0). (A) (E)-2-hexenal (male, n = 5, female, n = 5) (B) (E)-2-hexen-1-ol (male, n = 5, female, n = 6) (C) (2)-3-hexen-1-ol
(male, n = 6, female, n = 11) (D) Benzyl alcohol (male, n = 9, female, n = 2) (E) Acetophenone (male, n = 6, female, n = 2) (F) 1-nonanal (male, n = 4, female, n = 2)
(G) methyl salicylate (male, n = 5, female, n = 2) (H) (&)-linalool (male, n = 5, female, n = 10) (l) tetradec-1-ene (male, n = 5, female, n = 2) (J) n-dodecane (male, n
=5, female, n = 2) (K) (&)-a-pinene (Male, n = 5, Female, n = 12) (L) (-)-B-pinene (male, n = 5, female, n = 5) (M) (E)-p-caryophyllene (male, n = 5, female, n = 5)
(N) (R)-(+)-limonene (male, n = 5, female, n = 8) (O) (E)-p-ocimene (male, n = 6, female, n = 10). *p < 0.05 at first significant test concentration, Mann-Whitney test.

Non-linear regression (curve fit, brown, blue) was used for all compounds.
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FIGURE 5 | CWSB attraction toward host volatile blends in field conditions. Percentage of longhorn beetles Xylotrechus quadripes (CWSB; n = 18, Olive green),
Xylotrechus smei (n = 19, Black), and Demonax balyi (n = 36, Dark gray) trapped in black panel traps with volatiles. See Supplementary Table 1 for statistical
details. Wood blend 1 (WB1): blend of (&)-a-pinene, (-)-B-pinene, and (E)-B-caryophyllene. Wood Blend 2 (WB2): blend of (+)-a-pinene, (-)-B-pinene,
(E)-B-caryophyllene, and (R)-(+)-limonene. Leaf Blend (LB): blend of (E)-2-hexenal, (E)-2-hexen-1-ol, (2)-3-hexen-1-ol, and (£)-linalool.

of this longhorn beetle could help us in planning better = wood in field conditions along with the pheromone lure currently
management practices. being used to control CWSB, we trapped very few beetles.
In recent years, Indian coffee farmers have shifted from  This suggests that the pheromone and host volatile traps are
arabica to robusta because CWSB infests arabica severely and  not efficient for trapping CWSB in field conditions. Traps for
does not appear to infest robusta, or perhaps the beetle doesn’t  cerambycids in forests have always been a challenge considering
survive in robusta (Veeresh, 1995). Further, the shift in cropping  the complex system in which they thrive and also because beetles
from arabica to robusta has substantially altered the coffee  spend most of their time inside tree stems (Haack et al., 2010;
agroforest: native, old-growth shade trees have been replaced  Schowalter, 2013; Hanks and Millar, 2016). Pheromone and
by monocultures of the exotic Grevillea robusta (silver oak),  kairomone traps have been utilized for several years and they
and remaining native trees are heavily pruned to increase light  have been effective or ineffective depending on the aggregation
availability. In our study, we found that CWSB is attracted to both ~ behavior of the cerambycid species of interest (Allison et al., 2004;
varieties and uses the volatiles released by the host plants tolocate ~ Catry et al., 2017; Millar and Hanks, 2017). We note that, while
them. Furthermore, in our choice assay the beetles preferred to  low, the trap catches in our study were similar to previous studies
approach robusta over arabica. This first suggests that robusta (0.1 beetles/trap day/replicate in our study vs. 0.14 in Hall et al.,
is attractive to CWSB and is therefore at risk of infestation. ~ 2006), and the similarity in trap catches with our host volatile
Indeed, recent reports have shown evidence of infestation in  blends also suggests that host volatiles were as effective as the
robusta, although not at levels seen in arabica (Gana, 2016).  established pheromone lure in trapping CWSB.
Hence, a complete shift in cropping from arabica to robusta Despite the low trap catches, our study indicates the
can potentially face a similar infestation problem unless different ~ importance of volatile cues for host location in CWSB, and
management practices are followed. Second, while it should not  identifies electrophysiologically and behaviorally active volatiles
be a total replacement for arabica, the lower infestation rates of ~ from plants found in the region that could be tested in further
CWSB in robusta (Veeresh, 1995; Venkatesha and Dinesh, 2012),  studies. Interestingly, these compounds are common volatiles
indicate that it could serve a suitable trap host plant if organized  found in a large number of plant species. Several studies have
strategically such as in a push-pull management system (Khan  shown that insects have evolved to rely not on single volatiles,
etal, 2016). but on blends released in specific ratios and mixtures in an
Apart from a preference for arabica and robusta plants, we  “odorscape” particular to their host of interest, for which the
found that cut wood stems of two species were as attractive as  insect has evolved a unique sensory repertoire (see Conchou
arabica plants despite the difference in surface area between a et al, 2019 for a recent review). Here, we show that the
whole coffee plant and a cut stem. However, when we tested  olfactory system of CWSB is capable of detecting several of these
synthetic blends of host volatiles from arabica leaves and cut  volatiles. An examination of the volatile profile of attractants
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in this study (coffee, silver oak and nandi flame) revealed
three key compounds [(+£)-a-pinene, (-)-B-pinene and (E)-f-
caryophyllene, highlighted in light green in Table 1] that were
common among them, and were also detected by the beetle
antenna in electroantennographic analyses. Even though these
three compounds were also present in teak, cut wood from teak
was not preferred by the beetles, perhaps due to the presence
of other volatile compounds such as (4)-cyclosativene, (E)-o-
bergamotene, or others. Further, (R)-(+)-limonene was primarily
found in freshly cut silver oak stems and not in the older,
attractive stems, and the cut wood blend with this compound
added to (WB2) also did not attract any CWSB in our field
trapping study.

Understanding attractant and deterrent volatile cues could
help us to identify potential host and repellent plants to be
intercropped or used as border crops (Wang, 2017) in coffee
plantations. The current organization of coffee plantations places
coffee plants in rows with intermittent secondary and primary
shade trees. We could potentially reorganize the plantation by
including alternative host plants as border crops and repellent
plants between coffee plants for an effective long-term Push-Pull
ecology-based solution with minimized usage of pesticides. Push-
Pull technology is an ecology-based integrated pest management
solution developed for the agricultural cropping system in Africa
(Khan et al., 2016) and has been practiced extensively. Further
studies could focus on the CWSB relationship with native host
plants that attract CWSB (attractants), natural enemies which kill
and deter CWSB (repellents), and, tree diversity and forest edges
which reduce CWSB infestation. Our study provides insights on
plant species and cues that could be used toward this effort,
and we presented these species in our behavioral assays as
they are found in the coffee plantation, supporting their use
for further analyses. If a method of modifying the agroforests
including several parameters such as alternate hosts, attractants
and repellents reduces CWSB infestation, this method could be
adapted for other agroforestry crops facing similar issues.

Our comprehensive chemo-ecological analysis allowed us to
understand the role of chemical cues in CWSB behavior in
this unique habitat, and also to develop potential tools for an
integrated pest management strategy employing alternate hosts.
A method utilizing the properties of the pest’s natural behavioral
ecology can revolutionize the way insect infestation is managed
in agroforests and it will also reduce the amount of insecticides
that are being used. This can also encourage the farmers to plant
native trees for secondary and primary shade cover aiding the
diversity of other animals and plants in agroforests.
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Supplementary Figure 1 | Temperature, relative humidity, and light intensity of
coffee plants. (A) CWSB behavior experiment (n = 27, days = 10). (B) Arabica
and robusta choice assay experiment (n = 69, days = 12). (C) High leaf rust and
less leaf rust experiment (n = 19, days = 5). (D) Infested vs. healthy arabica
experiment (0 = 22, days = 6). (E) Arabica with leaves vs. arabica without leaves
experiment (n = 18, days = 5). (a) Average temperature and relative humidity of the
coffee plants on each day (b) Light Intensity when CWSB approached the plants.

Supplementary Figure 2 | Temperature, relative humidity, and light intensity of
coffee plants during volatile vs. visual cues experiment. (A) Coffee plants with both
visual and volatile cues present vs. visual cues present but volatile cues reduced.
(a) Image of the experimental setup in field condition. (b) Light Intensity when
CWSB approached the plants. (c) Temperature and relative humidity of the coffee
plants on each day (n = 27). (B) Coffee plants with both visual and volatile cues
present vs. volatile cues present but visual cues reduced. (a) Image of the
experimental setup in field condition. (b) Light intensity when CWSB approached
the plants. (c) Temperature and relative humidity of the coffee plants on each day
(n=21).

Supplementary Figure 3 | Traps used in field conditions. (A) Image of black
panel trap used in the coffee plantation, (B) Cut wood blend (WBH1) in a zip pouch
bag with cotton swabs. (C) Collection cup with insects trapped.

Supplementary Table 1 | List of statistical analyses for behavioral assays and
host volatile trap experiments with corresponding figure reference indicating no of
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days observed, no of beetles tested, n-values (n), Chi-square (X?), degrees of
freedom (df) Cohen’s w statistics, and significance (*p < 0.05).

Supplementary Table 2 | Volatile release rate ratio of leaf blend (LB). Volatile
release rate ratio of LB (102 v/v) at different hours of field exposure compared
with the relative area % of coffee leaf volatiles (arabica, n = 4).

Supplementary Table 3 | Volatile release rate ratio of wood blend 1 (WB1).
Volatile release rate ratio of WB1 (102 v/v) at different hours of field exposure
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