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Herbivore-induced plant volatiles allow
detection of Trichoplusia ni (Lepidoptera:
Noctuidae) infestation on greenhouse tomato
plants
Saber Miresmailli,a∗ Regine Gries,b Gerhard Gries,b Ruben H Zamarc
and Murray B Ismana
Abstract
BACKGROUND: Monitoring of insect populations is an important component of integrated pest management and typically
is based on the presence and number of insects in various development stages. Yet plants respond to insect herbivory and
release herbivore-induced plant volatiles (HIPVs), which could be exploited in monitoring systems. The present objective was
to investigate whether the information associated with HIPVs has potential to become part of advanced technologies for
monitoring pest insect populations.
RESULTS: In a laboratory experiment, it was determined that tomato plants, Lycopersicon esculentum Mill cv. clarence, each
infested with 20 caterpillars of the cabbage looper, Trichoplusia ni (Hübner), emit HIPVs, of which (Z)-3-hexenyl acetate, (E)-βocimene and β-caryophyllene were selected as chemicals indicative of herbivory. Using an ultrafast portable gas chromatograph
(zNose ) in a research greenhouse and in a commercial greenhouse, it was possible (i) to reveal differential emissions of these
three indicator chemicals from plants with or without herbivory, (ii) to detect herbivory within 6 h of its onset, (iii) to track
changes in indicator chemical emissions over time and (iv) to study the effect of environmental and crop-maintenance-related
factors on the emission of indicator chemicals.
CONCLUSION: HIPVs appear to be promising as reliable indicators of plant health, but further studies are needed to fully
understand the potential of this concept.
c 2010 Society of Chemical Industry
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INTRODUCTION

916

The greenhouse vegetable industry is an important and growing
segment of Canadian agriculture. Tomato crops alone account
for >50% of all revenues. Monitoring insect populations is an
essential component of integrated pest management (IPM). Most
current pest monitoring systems rely on counting insect numbers1
or finding indicators of insect presence or damage.2 Even modern
monitoring systems are based on insect-related indicators.3 – 7
They enable growers to estimate insect populations or predict
outbreaks. However, all such systems still involve human scouts to
determine the location of insects within a field or a greenhouse.8
Scouts must visually inspect a large number of plants, or plant parts,
for the presence of various pests. In fields and greenhouses, visual
inspections are challenging, and some pests may be overlooked.
In spite of extensive training, the performance of scouts varies with
degree of experience and personal attributes.9 Monitoring plants
and their response to herbivory offers an alternative approach to
scouting for insects.
Emission of herbivore-induced plant volatiles (HIPVs) is a welldocumented response of plants to biotic stressors.10 Considering
the vast knowledge about HIPVs and plant responses to the
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environment, it is conceivable to integrate these volatile indicators
of herbivory into pest monitoring systems. HIPV emission is
affected by several factors,11,12 including light intensity,13 relative
humidity,14 temperature15 and photoperiod.16
Technological advances have facilitated and accelerated the
acquisition and analyses of HIPVs from plants within their growing
environment.17 – 21 In this work, the zNose (Newbury Park, CA),
an ultrafast portable gas chromatograph, was used for analyses
of volatile emissions from uninfested tomato plants and from
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Figure 1. System for collection of plant volatiles: 1 – vinyl tubing; 2 – Porapak Q volatile trap; 3 – Pyrex jar; 4 – vacuum pumps; 5 – activated charcoal;
6 – air purifier filter; 7 – air micromist filter.

those infested with larvae of the cabbage looper, Trichoplusia ni
(Hübner) (Lepidoptera: Noctuidae), in the laboratory, a research
greenhouse and a commercial greenhouse. During the sampling
period in the commercial greenhouse, environmental factors were
also recorded, and note was taken of greenhouse maintenance
practices such as removing shoots or picking fruits.

2

EXPERIMENTAL METHODS

2.1 Experimental insects and plants
Cabbage looper larvae were obtained from a research colony
maintained for 50 generations at the University of British Columbia.
Tomato plants, Lycopersicon esculentum Mill cv. clarence, were
obtained from Houweling’s Hot House (Delta, BC). Intact 30–40 cm
tall tomato plants were stored in a growth chamber at 25 ◦ C ±
1 and a 16 : 8 h light : dark photoperiod until they were used in
experiments.
2.2 System for collection of plant volatiles
A closed-loop stripping system was designed (Fig. 1) and placed
inside a growth chamber maintained under a 16 : 8 h light : dark
photoperiod at 25 ◦ C. Two vacuum pumps (GAST Miniature
Diaphragm 15D 1150 series; IDEX Corporation, Benton Harbor,
MI) drew purified air at 0.6 L min−1 through each of 12 in-parallelplaced glass jars (each 20 × 15 cm wide), and through a glass tube
(10 × 0.7 cm ID) filled with 50 mg of Porapak Q (100–120 mesh;
Supelco, St Louis, MO) fitted to each jar. Air was purified by drawing
it through activated charcoal, an air purifier filter (Pisco FTA 300
MD-B; Bensenville, IL) and an air micromist filter (Pisco UADR
300 AD; Bensenville). All components of the entire system were
interconnected with vinyl tubing (2236 PL-4-NT, 4 mm ID; Festo,
Mississauga, ON). Organic molecules emanating from the plant in
each jar were adsorbed on Porapak Q for 24 h and then desorbed
with 2 mL of HPLC-grade pentane into each of 12 separate vials.

Pest Manag Sci 2010; 66: 916–924

2.5 Commercial greenhouse experiment
Plant volatiles were sampled and analysed by the zNose at
Houweling’s Hot House. As part of an unbiased representative
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2.3 Laboratory experiment
Using the closed-loop stripping system and environmental
conditions described above, ten third-instar T. ni larvae starved for
3 h were placed on each of six randomly assigned treatment plants,
while six control plants were kept without larvae. Volatiles from
each plant were collected for 24 h. The procedure was replicated
5 times for a total of 30 treatment and 30 control plants.

2.4 Research greenhouse experiment
After indicator volatiles of larvae-infested plants had been determined, an experiment inside the UBC horticulture greenhouse was
conducted. The main objectives were (a) to compare volatile emissions from uninfested and infested plants using the zNose , (b) to
monitor changes in the volatile emissions over time and (c) to
explore the possibility of detecting herbivory at an early stage.
In each of two subsequent volatile sampling events, eightweek-old tomato plants were placed inside the greenhouse 48 h
prior to volatile collection, thus allowing plants to acclimatize.
Of these 50 plants, 40 with no signs of mechanical or insect
damage were selected and spaced 1 m apart from each other
in a completely randomized design, and 20 plants each were
assigned to treatment and control groups. Above each plant, a
clear plastic bag (Fisher Precision Ultraclean Bag; Fisher Scientific,
Ottawa, ON) was suspended, covering the upper half of the plant
canopy. Cross-shaped wooden frames wrapped in aluminum foil
were attached to the exterior upper part of bags, thus keeping
them in cube-shaped form and minimizing contact with plants and
condensation. The lower part of the canopy was covered by a fine
mesh screen which allowed ventilation but prevented larvae from
leaving the plants in the treatment group. A short tube (5 × 1 cm
ID) was attached to the upper part of the bag to form an opening
for volatile collection.
To eliminate the effect of plant size on volatile emissions, the
amount of all indicator volatiles from treatment and control plants
was quantified 1 h prior to placing larvae on treatment plants.
All changes in volatile emissions could then be compared with
this baseline. The fresh weight of all plants, including feces of
T. ni larvae, was also recorded as soon as volatile collections were
completed. As a negative control, ten empty bags and screens were
randomly suspended in various locations among the bags partially
covering experimental plants. After establishing the baseline in
all groups, 20 third-instar T. ni larvae starved for 3 h were placed
randomly on all parts of the canopy of treatment plants. After
6, 12 and 24 h, the level of indicator volatiles in all groups was
quantified. These time periods were considered as a factor, as
opposed to a continuous variable.

www.soci.org
sampling strategy, 30 locations were randomly selected within
the greenhouse with Google Earth software (Google Inc.,
Mountain View, CA). The GPS coordinates were then extracted
from the software, and the sampling sites (plants) inside
the greenhouse were located using a Garmin GPSmap 60CSx
(Garmin, Olathe, KS). Each sample plant was then marked
with a piece of ribbon to ensure consistent sampling over
time. Maintenance practices affecting sample plants, such as
removing shoots, picking fruits or opening windows above plants,
were recorded at the time of sampling. Temperature, relative
humidity, light intensity and airflow were recorded at each
sampling site with a Fisher Scientific Enviro-Meter . Samples
were collected once a week for 8 weeks commencing in June
2008.
2.6 Analysis of plant volatiles by GC-MS
Aliquots of Porapak Q extracts were analyzed by a Varian Saturn
2000 Ion Trap GC-MS fitted with a DB-5 column (30 m × 0.25 mm
ID; J&W Scientific, Folsom, CA), using the following temperature
program: 50 ◦ C for 2 min, 10 ◦ C min−1 to 280 ◦ C. Heptyl acetate
served as an internal standard. External standards were (Z)-3hexenyl acetate [obtained by esterification of (Z)-3-hexen-1-ol
(Aldrich 98%) with acetic anhydride and pyridine], (E)-β-ocimene
(27 : 69, Z : E; International Flavour and Fragrances, New York, NY)
and β-caryophyllene (Sigma).
2.7 Calibration and program properties of the zNose
The zNose system was tuned prior to its application in each
experiment. Each of (Z)-3-hexenyl acetate, (E)-β-ocimene and
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β-caryophyllene was diluted in pentane, and 0.1, 0.2, 0.4 and
0.8 µL aliquots containing 20, 40, 80 and 160 ng, respectively, of
chemicals were injected in each of five replicates into the zNose
via the zNose 3500 sample injector to establish calibration curves.
In the research greenhouse experiment, the zNose inlet,
valve and initial column temperature were 200 ◦ C, 165 ◦ C and
40 ◦ C respectively. During analyses, the column temperature was
increased at 10 ◦ C s−1 to 200 ◦ C. The SAW sensor was kept at 50 ◦ C
and the trap at 250 ◦ C. The helium flow during the 10-s sampling
period was set at 3.00 mL min−1 . The sampling period was set
for 10 s at a sample flow of 20 mL min−1 , after which the system
switched to 20 s of data acquisition. Thereafter, the sensor was
heated to 150 ◦ C for 30 s, and the parameters (see above) were
reset. In the commercial greenhouse experiment, the SAW sensor
was kept at 40 ◦ C. The sampling period was set for 60 s at a sample
flow of 20 mL min−1 . For standardized sampling, a stainless steel
tube (15 × 20 cm) was affixed to the zNose inlet, ensuring a
consistent distance from the plants during sampling. The tube
was cleaned and baked at 250 ◦ C for 2 h prior to each sampling
period.
2.8 Statistical analyses
Quantities of indicator volatiles from control and treatment
plants 1 h prior to placement of larvae on treatment plants were
analyzed by ANOVA (SPSS v.16). Data obtained in the greenhouse
experiment were analyzed with generalized estimating equations
(GEEs, R v.2.9.0)22 to determine changes in volatile emissions of
treatment and control plants. GEE models are commonly used
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Figure 2. Representative gas chromatograms of headspace volatiles of a tomato plant either fed on by 20 cabbage looper larvae (upper trace) or void of
larvae.
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for the analysis of longitudinal data. They are robust for missing
data, and for data obtained at irregular intervals, as in this study.
GEEs make no distributional assumptions on data, and estimates
are the same as those produced by regression analyses when the
dependent variable is normally distributed and no within-response
correlation is assumed.
In this study, time was considered a factor (with three
and seven levels in the research greenhouse and commercial
greenhouse, respectively), as opposed to a continuous variable.
This allowed more flexibility for the model. In the commercial
greenhouse experiment, the incidence of herbivores or their
damage, maintenance practices (open window, removing shoots
or picking fruits), environmental factors (temperature, RH, light
intensity and airflow) and time were each considered a factor.
The following model was fitted to the data to explain changes in
indicator chemicals over time with respect to the treatment the
plants received:
Chemical = β 0 + β 1 (treatment1 ) + · · · + β n (treatmentn )
+ β n+1 (time1 ) + β n+2 (time2 ) + · · · + error
In this equation, β 1 to β 5 represent quantitative changes in
indicator chemical level with a unit change in treatment. Linear
discriminant analysis (LDA) was used for classification of volatile
emission levels in control and treatment groups (using R v.2.9.0).

3

RESULTS

3.1 Laboratory experiment
There were both quantitative and qualitative differences in the
emission of volatiles from plants infested with T. ni larvae and
uninfested control plants (Fig. 2). (Z)-3-Hexenyl acetate, (E)-βocimene and β-caryophyllene were selected as indicators of
herbivory. All of them had previously been reported in volatile
blends of tomato plants.23 – 25 None of the indicator volatiles was
detected in empty bags.
3.2 The zNose calibration
The calibration curve for each of the indicator volatiles was linear,
as follows:
(Z)-3-hexenyl acetate
y = 214.78x − 805.78, r2 = 0.9984
Figure 3. Mean (± SE) amounts (ng) of (Z)-hexenyl acetate, (E)-β-ocimene
and β-caryophyllene emitted over time by tomato plants in the research
greenhouse experiment. Plants were not infested (control) or each was
infested with 20 third-instar larvae of the cabbage looper. For statistical
analyses of data, refer to Table 1.

(E)-β-ocimene
y = 189.39x + 1098.6, r2 = 0.9905
β-caryophyllene
y = 162.3x + 3055.1, r2 = 0.9703
where y = SAW kilocount and x = nanogram.

Pest Manag Sci 2010; 66: 916–924

3.5 Commercial greenhouse experiment
Throughout the sampling period, T. ni larvae were encountered
only on one of the sampling plants (Fig. 4). On other occasions,
symptoms of damaged plant foliage were found, but no larvae
(Fig. 5). No plant disease was found at any sampling sites.
The level of ∼3000–4000 ng of β-caryophyllene emitted from
uninfested plants significantly increased to ∼10 000 ng when
plants had damage symptoms, and to ∼60 000 ng when plants
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3.3 Research greenhouse experiment
Prior to placement of larvae on treatment plants, there were no
significant quantitative differences in the amount of volatiles
emitted from plants in treatment and control groups. Feeding by larvae on treatment plants for 6, 12 and 24 h increased the amount of indicator volatiles, which also changed
over time (Fig. 3; Table 1). For example, the emission level
of (Z)-3-hexenyl acetate increased during the first time period (6–12 h) but decreased during the second (12–24 h)
(Fig. 3).

3.4 Classification of plants as not infested or infested
Based on the emission level of indicator volatiles, plants could
readily and unequivocally be diagnosed as not infested or infested
with T. ni larvae feeding for 6 h (Table 2).

www.soci.org
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Table 1. Generalized estimating equation (GEE) regression coefficients of indicator chemical emissions over time from tomato plants in response
to feeding by cabbage looper larvae
Indicator chemical

Factors

Estimate

Std error

Wald test

P

(Z)-3-Hexenyl acetate

Intercept
Treatment
Time (6–12 h)
Time (12–24 h)
Intercept
Treatment
Time (6–12 h)
Time (12–24 h)
Intercept
Treatment
Time (6–12 h)
Time (12–24 h)

7.28
708.13
98.76
−136.86
−49.46
2435.27
126.95
106.19
−1220.1
18 191.6
1913.7
1665.5

5.50
7.22
12.99
18.37
6.83
44.16
15.41
12.79
139.4
71.2
220.6
189.2

1.75
9627.68
57.79
55.51
52.5
3040.8
67.9
18.9
76.6
65 353.5
75.3
77.5

0.19
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

(E)-β-Ocimene

β-Caryophyllene

Table 2. Linear discriminant analysis (LDA) of tomato plant volatiles after 6 h of feeding by cabbage looper larvae

(Z)-3-Hexenyl acetate
(E)-β-Ocimene
β-Caryophyllene

Not infested Mean

Infested Mean

LDA coefficient

Misclassification rate (%)

458.25
1173.775
1310.175

1176.70
3515.600
17 062.375

0.01139335
0.00427449
0.00370752

0
0
0

were fed on by T. ni larvae. Opening windows above plants did not
have a significant effect, but removing shoots and picking fruits
did (Table 3).
Emission levels of other indicator chemicals in response to
feeding T. ni larvae also differed compared with herbivore-free
plants, but differences were less pronounced. While the presence
of T. ni larvae had a significant effect on emission levels of (Z)-3hexenyl acetate, no significant difference was found between
plants with just damage symptoms and undamaged plants.
Opening windows and environmental factors had no significant
effect on the emission level of (Z)-3-hexenyl acetate (Table 4).
Emission levels of (E)-β-ocimene from plants that showed
damage symptoms or that were fed on by T. ni larvae were
significantly altered compared with intact herbivore-free plants.
Environmental factors did not significantly affect emission levels
of (E)-β-ocimene, but fruit picking did (Table 5). For all indicator
chemicals, time was found to have a significant effect, indicating
that volatile emission levels change as plants grow.

4

DISCUSSION

920

The data support the conclusion that herbivore-induced volatiles
can be utilized for detecting an insect infestation in greenhouses,
and that the zNose as a portable and ultrafast gas chromatograph
is applicable for monitoring both quantitative and qualitative
changes in plant emission of HIPVs.
In UBC’s horticultural greenhouse, the zNose proved capable
of (i) revealing differential volatile emissions from plants with
or without herbivory, (ii) detecting herbivory at an early stage
and (iii) monitoring changes in volatile emissions from infested
plants over time. In the commercial greenhouse, T. ni larvae were
encountered only once during the sampling period. However, their
effect was significant for all indicator chemicals. Specifically, the
emission of β-caryophyllene increased almost 20-fold in response

www.interscience.wiley.com/journal/ps

Table 3. Generalized estimating equation (GEE) regression coefficients of β-caryophyllene emission over time from tomato plants in
the commercial greenhouse experiment in response to herbivory by
cabbage looper larvae, variation in environmental factors and crop
maintenance practices
Estimate
Intercept
Looper feeding
Looper-caused
damage symptoms
Open window
Removing shoots
Picking fruits
Temperature
Relative humidity
Light intensity
Airflow
Time (week 1–week 2)
Time (week 2–week 3)
Time (week 3–week 4)
Time (week 4–week 5)
Time (week 5–week 6)
Time (week 6–week 7)
Time (week 7–week 8)

Std error

Wald test

P

5.43e+03 1.24e+03 1.92e+01 <0.001
5.60e+04 1.65e+02 1.16e+05 <0.001
8.71e+03 1.32e+03 4.36e+03 <0.001
2.38e+02
6.02e+02
−9.62e+02
−2.62e+01
−7.08e+01
9.99e−02
3.45e+01
−2.96e+02
1.68e+03
1.26e+03
1.23e+03
1.29e+03
1.21e+03
−1.90e+02

6.20e+02
1.51e+02
1.42e+02
2.47e+01
1.89e+01
5.27e−01
4.58e+01
1.51e+02
1.22e+02
1.58e+02
1.38e+02
1.66e+02
1.52e+02
1.74e+02

1.50e−01
1.59e+01
4.61e+01
1.13e+00
1.41e+01
4.00e−02
5.70e−01
3.87e+00
1.88e+02
6.40e+01
7.83e+01
6.00e+1
6.32e+01
1.19e+00

0.70149
<0.001
<0.001
0.28878
<0.001
0.84981
0.45168
<0.05
<0.001
<0.001
<0.001
<0.001
<0.001
0.27450

to the presence of T. ni larvae. Damage symptoms had significant
effects on emission levels of (E)-β-ocimene and β-caryophyllene,
but not on those of (Z)-3-hexenyl acetate. However, interpreting
these results is difficult because the exact time of infestation
remains unknown.
Among crop maintenance practices, ventilation was a key
concern for all growers. They wanted to know whether indi-
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Figure 4. Variation in indicator chemicals and in environmental and crop-maintenance-related factors. Symptoms of plant damage were observed at
week 8 on sampling plant site No. 2. For statistical analyses of data, refer to Tables 3 to 5.

Table 4. Generalized estimating equation (GEE) regression coefficients of (Z)-3-hexenyl acetate emission over time from tomato plants
in the commercial greenhouse experiment in response to herbivory
by cabbage looper larvae, variation in environmental factors and crop
maintenance practices

Intercept
Looper feeding
Looper-caused
damage symptoms
Open window
Removing shoots
Picking fruits
Temperature
Relative humidity
Light intensity
Air flow
Time (week 1-week 2)
Time (week 2-eek 3)
Time (week 3-week 4)
Time (week 4-week 5)
Time (week 5-week 6)
Time (week 6-week 7)
Time (week 7-week 8)

Estimate

Std error

Wald test

P

408.1501
41.9823
4.8714

93.2760
13.8600
8.7314

19.15
9.17
0.31

<0.001
<0.01
0.5769

50.1083
658.0727
−304.4295
−0.7988
−1.7296
0.0229
−2.0955
−77.3690
−90.6191
−39.3291
−62.3358
21.1675
−79.9492
−158.2364

44.1009
23.5872
16.2413
1.5553
1.5446
0.0823
3.7390
14.7965
14.2321
12.7390
11.1357
14.3251
11.4569
14.9140

1.29
778.38
351.34
0.26
1.25
0.08
0.31
27.34
40.54
9.53
31.34
2.18
48.70
112.57

0.2559
<0.001
<0.001
0.6075
0.2628
0.7811
0.5752
<0.001
<0.001
<0.001
<0.001
0.1395
<0.001
<0.001

Table 5. Generalized estimating equation (GEE) regression coefficients of (E)-β-ocimene emission over time from tomato plants in the
commercial greenhouse experiment in response to feeding by cabbage
looper larvae, variation in environmental factors and crop maintenance
practices

Intercept
Looper feeding
Looper-caused
damage symptoms
Open window
Removing shoots
Picking fruits
Temperature
Relative humidity
Light intensity
Air flow
Time (week 1–week 2)
Time (week 2–week 3)
Time (week 3–week 4)
Time (week 4–week 5)
Time (week 5–week 6)
Time (week 6–week 7)
Time (week 7–week 8)

Estimate

Std error

Wald test

P

1371.752
3524.058
986.089

784.186
112.122
68.117

3.06
987.88
201.99

<0.05
<0.001
<0.001

−239.640
119.818
−295.688
−12.995
−11.859
−0.138
32.121
86.261
1560.005
1626.192
1628.971
1835.454
1706.823
1371.301

378.154
83.635
47.253
15.076
11.222
0.215
31.182
53.595
30.102
54.465
51.159
64.405
65.817
69.834

0.40
2.05
39.16
0.74
1.12
0.41
1.06
2.59
2685.80
891.46
1013.86
812.18
672.51
385.59

0.53
0.15
<0.001
0.39
0.29
0.52
0.30
0.11
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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Figure 5. Variation in indicator chemicals and in environmental and crop-maintenance-related factors. Cabbage looper larvae were observed at week 8
on sampling plant site No. 4. For statistical analyses of data, refer to Tables 3 to 5.
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cator chemicals would still be detectable when windows are
open. The present results clearly indicate that opening windows
and screens does not significantly affect emission or detection of volatiles. Removing shoots and picking fruits, on the
other hand, were found to significantly alter the emission of almost all indicator chemicals. Some greenhouse practices cause
an increase in the emission of indicator volatiles,26 but the
effect of these practices is modest compared with that of herbivory.
Light intensity and airflow did not significantly alter emission
levels of any indicator chemical, but relative humidity did alter
the emission of β-caryophyllene. Environmental factors affect
the release of HIPVs,11,12 but their impact in the present study
was moderate. Time, in contrast, was an effective and significant
factor. Temporal variation in the emission levels of volatiles27 and
rhythmic emission of volatiles at different times of day28 – 30 have
previously been reported. Insect herbivory, however, remains the
most significant factor.
The three chemicals selected in the present study as indicators
of herbivory have previously been associated with the response
of plants to biotic or abiotic stresses. (Z)-3-Hexenyl acetate is a
green-leaf volatile (GLV) that plants form through the hydroperoxide lyase pathway of oxylipin metabolism when tissue is
disrupted.31 GLVs activate the production of jasmonic acid,
which primes the plant’s defense against biotic stresses.32 (E)β-Ocimene as a monoterpene belongs to the most abundant
and varied class of HIPVs. Medicago truncatula Gaertn. plants
undergoing herbivory release (E)-β-ocimene from both insect-

www.interscience.wiley.com/journal/ps

damaged and undamaged leaves, suggesting that (E)-β-ocimene
plays an active role in indirect defense against insects.33 Finally,
β-caryophyllene is a well-known HIPV both above ground34 and
below ground.35
Whether plant-derived cues are intelligent or reflexive, or
whether they have an evolutionary raison d’être36,37 remains
controversial, but it is accepted that most plants are capable
of responding to changes in their surroundings and of conveying
information about their overall health.38 Plants respond to events
as subtle as insects crawling over their foliage,39 or depositing
eggs,40,41 and they stage a different type of defense according to
the offending organisms, which may include microbes, nematodes,
arthropods or mammals.42 Plants certainly respond to insect
herbivory (Refs 43 to 45 and this study), and the resulting indicator
chemicals in their volatile emissions could be utilized in pest insect
monitoring systems.
Key requisites for using plant-derived cues instead of insect
presence in insect monitoring systems are (i) the detectability
of cues, (ii) the reliability of recordings and (iii) instantaneous
results. The zNose system appears to meet these criteria, based
on the present data obtained in a research greenhouse and a
commercial greenhouse. Only 6 h after the onset of herbivory,
the zNose detected the resulting changes in plant volatiles
emission (Fig. 5), reliably discerned between plants with or
without herbivory (Table 2) and immediately made data available
for assessment. Also, in the commercial greenhouse, in spite
of variations in microclimate, the zNose produced consistent
results.
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In conclusion, HIPVs appear to be promising as reliable indicators
of plant health. The information they convey could become
an integral part of sophisticated pest monitoring systems with
advanced technologies such as the zNose .

ACKNOWLEDGEMENTS
The authors thank Dr Jocelyn Millar for providing helpful feedback
on the manuscript. This project was funded in part by an NSERC
Industrial Postgraduate Scholarship to SM in conjunction with the
BC Greenhouse Growers’ Association.

REFERENCES

Pest Manag Sci 2010; 66: 916–924

c 2010 Society of Chemical Industry


www.interscience.wiley.com/journal/ps

923

1 Alatawi FJ, Opit GP, Margolies DC and Nechols JR, Within-plant
distribution of twospotted spider mites (Acari: Tetranychidae) on
impatiens: development of a presence–absence sampling plan.
J Econ Entomol 98:1040–1047 (2005).
2 Hughes G, Sampling for decision making in crop loss assessment and
pest management: introduction. Phytopathology 89:1080–1083
(1999).
3 Skaloudova B, Krivan V and Zemek R, Computer-assisted estimation
of leaf damage caused by spider mites. Comput Electron Agric
53:81–91 (2006).
4 Drake VA, Wang HK and Harman IT, Insect monitoring radar: remote
and network operation. Comput Electron Agric 35:77–94 (2002).
5 Boissard P, Martin V and Moisan S, A cognitive vision approach to
early pest detection in greenhouse crops. Comput Electron Agric
62:81–93 (2008).
6 Oerke EC, Steiner U, Dehne HW and Lindenthal M, Thermal imaging
of cucumber leaves affected by downy mildew and environmental
conditions. J Exp Bot 57:2121–2132 (2006).
7 Bange MP, Deutscher SA, Larsen D, Linsley D and Whiteside S, A
handheld decision support system to facilitate improved insect
pest management in Australian cotton systems. Comput Electron
Agric 43:131–147 (2004).
8 McCornack BP, Costamagna AC and Ragsdale DW, Within-plant
distribution of soybean aphid (Hemiptera: Aphididae) and
development of node-based sample units for estimating wholeplant densities in soybean. J Econ Entomol 101:1488–1500 (2008).
9 Lichtenberg E and Berlind AV, Does it matter who scouts? J Agric
Resource Econ 30:250–267 (2005).
10 Arimura G, Kost C and Boland W, Herbivore-induced, indirect plant
defences. Biochim Biophys Acta 1734:91–111 (2005).
11 Jakobsen HB, The pre isolation phase of in situ headspace analysis:
methods and perspectives, in Plant Volatile Analysis, ed. by
Jackson JF. Springer-Verlag, Berlin, Germany, pp. 1–22 (1997).
12 Gouinguene SP and Turlings TC, The effects of abiotic factors
on induced volatile emissions in corn plants. Plant Physiol
129:1296–1307 (2002).
13 Loreto F, Barta C, Brilli F and Nogues I, On the induction of volatile
organic compound emissions by plants as consequence of
wounding or fluctuations of light and temperature. PlantCellEnviron
29:1820–1828 (2006).
14 Vallat A, Gu H and Dorn S, How rainfall, relative humidity and
temperature influence volatile emissions from apple trees in situ.
Phytochemistry 66:1540–1550 (2005).
15 Maleknia SD, Vail TM, Cody RB, Sparkman DO, Bell TL and Adams MA,
Temperature-dependent release of volatile organic compounds of
eucalypts by direct analysis in real time (DART) mass spectrometry.
Rapid Commun Mass Spectrom 23:2241–2246 (2009).
16 Picone JM, Clery RA, Watanabe N, MacTavish HS and Turnbull CG,
Rhythmic emission of floral volatiles from Rosa damascena
semperflorens cv. ‘Quatre Saisons’. Planta 219:468–478 (2004).
17 Kunert M, Biedermann A, Koch T and Boland W, Ultra fast sampling
and analysis of plant volatiles by a hand-held miniaturized GC with
pre-concentration unit: kinetic and quantitative aspects of plant
volatile production. J Separation Sci 25:677–684 (2002).
18 Oh SY, Ko JW, Jeong SY and Hong J, Application and exploration of fast
gas chromatography–surface acoustic wave sensor to the analysis
of thymus species. J Chromatogr A 1205:117–127 (2008).

19 Zhong Q, Steinecker WH and Zellers ET, Characterization of a highperformance portable GC with a chemiresistor array detector.
Analyst 134:283–293 (2009).
20 Lu CJ, Jin C and Zellers ET, Chamber evaluation of a portable GC with
tunable retention and microsensor-array detection for indoor air
quality monitoring. J Environ Monit 8:270–278 (2006).
21 Pasini P, Powar N, Gutierrez-Osuna R, Daunert S and Roda A, Use of a
gas-sensor array for detecting volatile organic compounds (VOC) in
chemically induced cells. Anal Bioanal Chem 378:76–83 (2004).
22 Ballinger GA, Using generalized estimating equations for longitudinal
data analysis. Organizational Res Meth 7:127–150 (2004).
23 Mathieu S, Cin VD, Fei Z, Li H, Bliss P, Taylor MG, et al, Flavour
compounds in tomato fruits: identification of loci and potential
pathways affecting volatile composition. J Exp Bot 60:325–337
(2009).
24 Mayer F, Takeoka GR, Buttery RG, Whitehand LC, Naim M and
Rabinowitch HD, Studies on the aroma of five fresh tomato cultivars
and the precursors of cis- and trans-4,5-epoxy-(E)-2-decenals and
methional. J Agric Food Chem 56:3749–3757 (2008).
25 Baldwin EA, Goodner K and Plotto A, Interaction of volatiles, sugars,
and acids on perception of tomato aroma and flavor descriptors.
J Food Sci 73:S294–307 (2008).
26 Jansen RMC, Hofstee JW, Wildt J, Verstappen FWA, Bouwmeeter HJ
and Posthumus MA, Health monitoring of plants by their emitted
volatiles: trichome damage and cell membrane damage are
detectable at greenhouse scale. Ann Appl Biol 154:441–452 (2009).
27 Dufay M, Hossaert-McKey M and Anstett MC, Temporal and sexual
variation of leaf-produced pollinator-attracting odours in the dwarf
palm. Oecologia 139:392–398 (2004).
28 Waelti MO, Muhlemann JK, Widmer A and Schiestl FP, Floral odour
and reproductive isolation in two species of Silene. J Evol Biol
21:111–121 (2008).
29 Hendel-Rahmanim K, Masci T, Vainstein A and Weiss D, Diurnal
regulation of scent emission in rose flowers. Planta 226:1491–1499
(2007).
30 Dudareva N, Martin D, Kish CM, Kolosova N, Gorenstein N, Faldt J, et al,
(E)-beta-Ocimene and myrcene synthase genes of floral scent
biosynthesis in snapdragon: function and expression of three
terpene synthase genes of a new terpene synthase subfamily.
Plant Cell 15:1227–1241 (2003).
31 Matsui K, Green leaf volatile: hydroperoxide lyase pathway of oxylipin
metabolism. Curr Opin Plant Biol 9:274–280 (2006).
32 Engelberth J, Seidl-Adams I, Schultz JC and Tumlinson JH, Insect
elicitors and exposure to green leafy volatiles differentially
upregulate major octadecanoids and transcripts of 12-oxophytodienoic acid reductases in Zea mays. Mol Plant Microbe Interact
20:707–716 (2007).
33 Navia-Gine WG, Yuan JS, Mauromoustakos A, Murphy JB, Chen F and
Korth KL, Medicagotruncatula (E)-beta-ocimene synthase is induced
by insect herbivory with corresponding increases in emission of
volatile ocimene. Plant Physiol Biochem 47:416–425 (2009).
34 Abel C, Clauss M, Schaub A, Gershenzon J and Tholl D, Floral and
insect-induced volatile formation in Arabidopsis lyrata ssp. petraea,
a perennial, outcrossing relative of A. thaliana. Planta 230:1–11
(2009).
35 Hiltpold I and Turlings TC, Belowground chemical signaling in maize:
when simplicity rhymes with efficiency. J Chem Ecol 34:628–635
(2008).
36 Trewavas A, Aspects of plant intelligence. Ann Bot (Lond) 92:1–20
(2003).
37 Heil M, Lion U and Boland W, Defense-inducing volatiles: in search of
the active motif. J Chem Ecol 34:601–604 (2008).
38 Volkov AG and Ranatunga DRA, Plants as environmental biosensors.
Plant Signal Behav 1:105–115 (2006).
39 Bown AW, Hall DE and MacGregor KB, Insect footsteps on leaves
stimulate the accumulation of 4-aminobutyrate and can be
visualized through increased chlorophyll fluorescence and
superoxide production. Plant Physiol 129:1430–1434 (2002).
40 Schroder R, Forstreuter M and Hilker M, A plant notices insect egg
deposition and changes its rate of photosynthesis. Plant Physiol
138:470–477 (2005).
41 Hilker M, Stein C, Schroder R, Varama M and Mumm R, Insect
egg deposition induces defence responses in Pinus sylvestris:
characterisation of the elicitor. J Exp Biol 208:1849–1854 (2005).
42 Dicke M and Hilker M, Induced plant defences: from molecular biology
to evolutionary ecology. Basic Appl Ecol 4:3–14 (2003).

www.soci.org
43 Schoonhoven LM, van Loon JJA and Dicke M, Insect–Plant Biology.
Oxford University Press, New York, NY (2006).
44 Arimura G, Ozawa R, Kugimiya S, Takabayashi J and Bohlmann J,
Herbivore-induced defense response in a model legume. Twospotted spider mites induce emission of (E)-beta-ocimene and

S Miresmailli et al.

transcript accumulation of (E)-beta-ocimene synthase in Lotus
japonicus. Plant Physiol 135:1976–1983 (2004).
45 Kessler A and Baldwin IT, Defensive function of herbivore-induced
plant volatile emissions in nature. Science 291:2141–2144 (2001).

924
www.interscience.wiley.com/journal/ps

c 2010 Society of Chemical Industry


Pest Manag Sci 2010; 66: 916–924

