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Abstract: Western flower thrips (WFT), Frankliniella occidentalis (Pergande), is a highly invasive pest,
infesting many species of plants worldwide, but few studies have investigated the visual and olfactory
cues associated with their foraging behaviors. In this study, the distance traveled by WFT to locate
yellow cards using only visual cues and visual cues plus olfactory cues was studied first. Subsequently,
preferences for colors (white, red, green, purple, yellow and blue) and patterns (triangle, rectangle,
circle and flower-shape) over short distances were assessed with free-choice tests. Finally, as yellow
was the most efficient color to catch WFT under laboratory conditions, the yellow flower-shape was
used as the visual cue, and preferences between visual and olfactory cues were evaluated with dual
choice tests. The results showed that the capture rate of WFT by visual cues decreased as selection
distance increased, however capture rate remained higher with the addition of olfactory cues. The
flower shape attracted the greatest number of WFT among all shapes tested. The combination of
visual cues and extracted volatiles from flowering Medicago sativa L. attracted higher numbers of
WFT than to the olfactory cues alone, however these were similar to visual cues alone. The presence
of olfactory cues resulted in higher residence times by WFT than did the absence of olfactory cues.
These results show the relative effects of visual and olfactory cues on the orientation of WFT to hosts
and highlight that visual cues dominate selection behavior at short distances. These findings can be
used in the development of efficient trapping products and management strategies for thrips.
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1. Introduction

Western flower thrips (WFT), Frankliniella occidentalis (Pergande; Thysanoptera: Thripidae), is a
highly polyphagous herbivore that damages many species of plants through feeding, oviposition and
transmission of plant viruses, including tomato spotted wilt virus (TSWV) and impatiens necrotic
spot virus (INSV) [1–4]. Both nymph and adult WFT can damage flowers, fruits and leaves [2]. Due
to the inappropriate application of chemical pesticides (e.g., overuse and frequent use of pesticides),
WFT has developed resistance to multiple pesticide types [5,6]. Additionally, the cryptic behavior,
such as occupying narrow crevices within plants, makes it difficult to monitor WFT during early
infestations [7]. As both visual and olfactory stimuli from hosts can impact foraging behaviors [8–10],
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researchers have carried out many behavioral studies aimed at developing highly efficient lures to
monitor and control WFT, including colored sticky cards and chemical attractants [7,11,12].

The visual cues used by insects for orientation include color, shape, size and other physical cues
associated with the hosts [7,13,14]. Low ultraviolet-reflective white, blue-violet, blue and yellow colors
have been shown to be attractive to WFT [15–17]. Yellow and blue colors are extensively used to
monitor and control thrips in crop production, including strawberries, roses and vegetables [12,15].
Yellow has broad-spectrum attraction; it is often used in monitoring and controlling insect pests,
including whiteflies and aphids [18–20] and is attractive to thrips as well [21–23]. Blue is effective at
luring both WFT and Thrips tabaci (L.) [12,24]. With a reflective wavelength of 450 nm, blue sticky
cards lure significantly more thrips in greenhouses than yellow sticky cards [24]. White is also effective
in attracting WFT [12], Frankliniella intonsa (Trybom) and T. tabaci [25]. In greenhouses containing
cowpea, white elicited the greatest response from F. intonsa among 13 colors, including blue and
yellow [25]. Green, the color of most leaves, is also preferred by thrips. Bian et al. (2016) reported that
lawngreen-colored traps increased captures of Scirtothrips dorsalis (Hood; Thysanoptera: Thripidae) in
the field [26]. Cao et al. (2018) used green as the background color to enhance the attractiveness of
plant volatiles to WFT [27]. In addition to color, shapes affect the behavior of thrips [28]. WFT prefers
flower shapes, especially symmetrical flower shapes, over rectangles, circles and other shapes [8];
flower model traps are also efficient at luring greenhouse whiteflies [28].

Chemical volatiles can also largely affect the foraging behaviors of insects [29,30], especially plant
volatiles released from flowering plants containing a series of floral chemical compounds [29,31]. In a
Y-tube olfactometer test, flowering plants had profound effects on the selection behaviors of Apolygus
lucorum (Hemiptera: Miridae), which displayed a stronger preference for plants in the flowering
stage than plants in nonflowering stages [32]. Among flower-visiting insects, floral scents containing
oxygenated aromatic compounds are used to recognize of flowers during foraging [30,33], and floral
chemicals strongly influence the behavioral preferences of thrips. Indeed, a series of floral chemicals
emitted by plants, including p-anisaldehyde (PA) [7,11,34], benzaldehyde [11] and o-anisaldehyde [11],
have been shown to be attractive to WFT. Adding the chemicals to sticky cards can enhance trapping
efficacy [11,12].

Although the visual and olfactory cues that WFT behaviorally respond to have been studied, the
efficient range in which such cues can be detected by WFT is not well known [12]. Moreover, it is
necessary to understand what mediates WFT orientation, which will be beneficial for the development
of efficient trapping products and strategies for the management of thrips. Thus, we carried out
the following experiments: 1) using four distances (15 cm, 30 cm, 50 cm and 100 cm) to examine
the behavioral responses of WFT to cues; 2) using six colors (white, yellow, red, purple, blue and
green) to screen the most preferred color by WFT; 3) using four shapes (rectangle, triangle, circle and
flower-shape) to evaluate the role of shape in recognition and 4) using visual and olfactory cues to
analyze the cues WFT used in behavioral responses at short distances.

2. Materials and Methods

2.1. WFT Rearing

WFT individuals were collected from Capsicum annuum (L.) in the Mentougou Bikun Vegetable
Planting Center, Beijing and reared on pods (18–25 cm) of Phaseolus vulgaris (L.) in an incubator
(MLR-351H, Sanyo, Japan). The incubator was set at 26 ± 1 ◦C with a light:dark photoperiod of 12:12 h.

2.2. Distance Effect on Cue Perception

The effect of distance was examined using transparent acrylic cylinders with lengths of 15 cm,
30 cm, 50 cm and 100 cm with visual cues alone and the combination of visual cues plus olfactory cues
in no-choice experiments (Figure 1a). The inner and outer diameters were 6 cm and 6.5 cm respectively
with a 5-cm-long adaption range. The cylinder was kept in a black box lighted with a fluorescent
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lamp (28 W) hung 50 cm above the cylinder. The visual cue was a 5-cm-diameter yellow sticky card
(V), and 10% p-anisaldehyde (PA; v/v; Sigma-Aldrich, Oakville, Canada) diluted with hexane (Fisher,
Fairlawn, NJ, USA), which is reported to be attractive to WFT [11], was applied. Next, 10 µL of the
diluted solution was sprayed onto sticky cards (V+PA). Thirty adult WFT individuals (approximately
70% females) that were 24 h old and starved for 4 h were introduced into the cylinders from the release
point (Figure 1a). Two hours later, the number of WFT captured on the sticky card was counted. Each
distance experiment was replicated 10–12 times.
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Figure 1. Design of the cylinder (no-choice, (a)) and black cardboard (free-choice, (b)) used for
evaluation of visual cues in orientation behaviors. A cylinder of 30 cm is shown, and other experimental
cylinders only differed in length. Cardboard used for testing color preferences in free-choice, and
all of the sticky cards were cut into squares (15 cm × 15 cm), and were randomly pasted on the
black cardboard.

2.3. Color Preference

The red, yellow, blue, green, purple and white sticky cards used in this assay were purchased
from Jiaduo Group (Hebi, China). The reflectance patterns (Figure 2) of the colored cards used in this
study were measured using a spectrometer (ASD FieldSpec HandHeld, Analytical Spectral Devices
Inc., Boulder, CO, USA).
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Figure 2. Spectral reflectance of color sticky cards used.

The colored sticky cards were cut into square 15 cm × 15 cm shapes and randomly pasted
onto black cardboard (Figure 1b). In the laboratory, the cardboard was hung on one side of a
black box (60 cm × 60 cm × 60 cm), and a fluorescent lamp was hung 15 cm above the box. A total
of 100 mixed-sex adults (approximately 70% females) reared on bean pods were collected for this
free-choice selection [12]. After starvation for 4 h, WFT were released at a distance of 50 cm in front
of the black cardboard. Two hours later, the number of WFT on each colored card was recorded;
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12 replicates were conducted. Eggplants (Solanum melongena L.; Yuanza 5, China Vegetable Seed
Technology Co. Ltd., Beijing, China) were planted for the greenhouse experiment, and WFT were
identified on plants at the four-leaf stage. Plants (approximately 1.2 m) with flowers were used. Only
flying WFT were assessed. The cardboard described above was hung above the eggplant canopy and
placed over 4 blocks (150 m2/block), each containing 3 cardboard pieces. Each block served as one
replicate. Two hours later, the number of thrips on the sticky cards was counted.

2.4. Geometric Preference Assay

As the chrysanthemum flower model trap has been shown to be effective in luring thrips [28,35]
and symmetrical flowers are highly attractive to thrips [11], flower shapes with 8 petals similar to
chrysanthemum flowers were used in this study. A circle shape is also preferred by thrips [7,22], and
rectangles and triangles are similar in shape to the tender leaves that thrips prefer [36]. Therefore,
geometric selection assays were conducted with circle, rectangle, triangle and flower shapes; the shapes
were approximately 20 cm2 [35]. Different shapes of the same color were tested. Four different shapes
of the same color were randomly hung in a square cage (50 cm × 50 cm × 50 cm), and 100 mixed-sex
thrips were released from the front of the cage. Two hours later, the number of thrips on each shape
was recorded. Shapes in white, yellow and blue were tested, and each color assay was replicated
10 times.

2.5. Visual Cues Versus Olfactory Cues at A Short Distance

The effect of visual and olfactory cues on short-distance behavioral responses was tested with a
Y-tube olfactometer. The inner diameter of the Y-tube olfactometer was 1 cm with two 10-cm-long
arms and a 45◦ connection at the 10-cm-long base tube. Air was supplied with a pump (QC-1B,
Beijing Municipal Institute of Labor Protection, Beijing, China), cleaned by activated charcoal and
then passed through a gas-washing bottle with distilled water. Finally, the airflow passed vials at
the base tube. Medical silica gel tubes (8 mm × 9 mm; Beijing Ruiheng Junan Technology Co. Ltd.,
Beijing, China) were used to link each section, and the volume of airflow was 300 mL/min per arm.
The visual cue (V) used was the yellow flower-shape, as yellow was the most efficient color for luring
thrips based on the laboratory experiment, and the flower shape was more attractive than the other
shapes. The olfactory cues (O) consisted of volatiles extracted from flowering Medicago sativa (L.; see
Section 2.6), which is one of the preferred hosts of both adult and larval WFT [4]. Volatiles (10 µL)
added to the yellow flower-shapes were used in combination of visual and olfactory cues (VO). The
controls included the following: C1, the use of pure hexane; C2, the use of black cards; and C3, the use
of hexane combined with black cards. Seven sets of behavioral selections were tested: (1) C1 and PA
(p-anisaldehyde); (2) C1 and O; (3) C2 and V; (4) V and O; (5) C3 and VO; (6) V and VO and (7) O and
VO. As approximately 70% adults reared in the laboratory were females and unmated females produce
males by parthenogenesis [1,2], in order to better understand visual and olfactory cues in behavioral
responses of female individuals, which greatly contribute to population growth, only female adults
were tested [11] in this trial. Adults aged 24 h that were starved for 4 h were used, and 60 females were
tested individually [7,23] for each experimental set. Observations were made on WFT preferences to
cues and residence times on the selected cues for 5 min. If an adult made no choice within 3 min, it
was discarded and recorded as no response.

2.6. Plant Volatile Collection and Analysis

Medicago sativa plants were grown in pots (diameter: 21 cm, height: 20 cm) in a greenhouse at
25 ± 5 ◦C and 60% ± 10% relative humidity. When the plants reached the flowering stage, each plant
was placed in a glass jar (diameter: 25 cm, height: 40 cm) with an air inlet sealed with a glass lid
(diameter: 25 cm, height: 20 cm), with an air outlet at the top. The air was purified by activated
charcoal and passed over the plant. Volatiles were collected for 24 h on 50 mg of adsorbent mesh
(Tenax TA 60/80 mesh, Shanghai ANPEL Scientific Instrument Company, Shanghai, China). All of the
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parts were connected with Teflon tubes. Air was pushed at a flow rate of 1.0 L/min using a pump.
Volatiles were extracted with 300 µL hexane. The components of the volatiles were analyzed with a
gas chromatograph coupled with a mass spectrometer (GCMS-QP2010SE, Shimadzu, Japan) equipped
with a Rtx-5 MS capillary column (30 m × 0.25 mm i.d. × 0.25 µm, Agilent Technologies Inc. Santa
Clara, CA). The injector and transfer line temperatures were 250 ◦C, and the ion source temperature
was 230 ◦C. The GC oven temperature cycle was 40 ◦C for 1 min, a ramp to 250 ◦C at a rate of 8
◦C/min, and a hold for 5 min. The MS scan range was 50–650 atomic mass units. Chemicals were
identified by comparison to a mass spectrum library (NIST 2011, National Institute of Standards and
Technology, Gaithersburg, MD, USA). The relative amounts of the chemicals identified were calculated
by comparison of individual peak areas to the total peak areas of identified compounds.

2.7. Data Analysis

For the no-choice experiments, the numbers of captured WFT were analyzed via one-way analysis
of variance (ANOVA) in conjunction with Tukey’s honestly significant difference (HSD) test for each
cue at different distances to evaluate the distance effect on the perception of cues. Similarly, the number
of free choices of WFT in response to colors and shapes were analyzed with one-way ANOVA, and the
means were compared by Tukey’s HSD. In dual-choice tests, preferences for visual or olfactory cues
were analyzed using the Chi-square test, with a 50:50 distribution. A t-test was applied to analyze
residence times associated with preferences for cues. Data were tested for normality before analysis,
and data sets of color and shape preferences were transformed by log (x+1) to meet the assumption
of normal distribution and homogeneity of variance. All analyses were conducted with SAS 9.2
(SAS Institute Inc. Cary, NC, USA).

3. Results

3.1. Distance Effect on Cue Perception

The effect of the visual cue (yellow sticky card, V) decreased as the distance increased (F 3, 42 = 37.0,
p < 0.001; Figure 3). At short distances (≤30 cm), the visual cue was highly attractive, resulting in the
capture of 25.5 ± 1.2 and 21.9 ± 2.0 WFT at 15 cm and 30 cm, respectively. As the distance increased, the
capture rate of WFT decreased significantly; particularly, only 7.8 ± 0.9 individuals were captured at
100 cm. Likewise, selection frequencies for the combination of colored sticky cards and p-anisaldehyde
(PA; V + PA) decreased with increasing distance (F3, 42 = 3.9, p = 0.016). However, PA appeared to
increase the luring effect of the sticky cards at relatively long distances; specifically, 20.0 ± 1.4 WFT
were captured at a distance of 100 cm.
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Figure 3. Choice of cues by western flower thrips, Frankliniella occidentalis at different distances. Yellow
sticky card (visual cue, V) and p-anisaldehyde (PA) sprayed to yellow sticky card (V + PA) used in
luring thrips at different distances. Different letters of the same stimulus mean orientation efficacy
differed between distances (Tukey’s HSD test, p < 0.05).
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3.2. Visual Cues Used in Short Distances

3.2.1. Color Preference

In free-choice tests, WFT preferred yellow and blue to the other colors in the laboratory and
greenhouse, respectively (Figure 4). Yellow sticky cards caught the most WFT (25.7 ± 3.7 WFT,
accounting for 41.1%) and had the greatest luring efficacy among the six colors tested in the laboratory
(F5, 71 = 17.8, p < 0.001), followed by blue (11.8 ± 1.8 WFT, accounting for 18.5%), white (11.0 ± 1.6 WFT,
accounting for 17.5%) and green (7.7 ± 1.8 WFT, accounting for 12.3%). In the greenhouse, WFT
preferred blue and white over the other colors, capturing 21.1± 3.8 (accounting for 43.8%) and 12.3 ± 1.2
(accounting for 27.7%) WFT, respectively (F5, 23 = 68.9, p < 0.001). Blue and white captured significantly
more WFT than yellow (7.0 ± 0.7 WFT, accounting for 16.3%) and green (1.7 ± 0.3 WFT, accounting for
3.9%). Although no difference was observed between blue and white (p > 0.05), the mean number of
WFT caught by blue was more than that of white. Purple and red were the least attractive to WFT both
in the laboratory and greenhouse.
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Figure 4. Color preferences by western flower thrips, Frankliniella occidentalis in the laboratory and
greenhouse. Different lowercase letters indicate significantly different preferences by thrips to different
colors (Tukey’s HSD test, p < 0.05).

3.2.2. Geometric Preference Assay

Preferences by WFT to geometric patterns differed and were independent of colors (white:
F3, 39 = 24.7, p < 0.001; yellow: F3, 39 = 51.3, p < 0.001; blue: F3, 39 = 22.7, p < 0.001; Figure 5). In
free-choice tests, most WFT selected the flower shape (FL-shape; white: 11.3 ± 1.8 WFT, accounting
for 37.8%, yellow: 12.0 ± 1.8 WFT, accounting for 39.8%, blue: 8.7 ± 1.1 WFT, accounting for 36.4%),
followed by the circular shape (white: 9.3 ± 1.6 WFT, accounting for 31.0%, yellow: 8.5 ± 1.2 WFT,
accounting for 28.6%, blue: 8.5 ± 1.8 WFT, accounting for 34.7%), but no significant difference was
observed between the two patterns. In addition to blue, the luring efficacy of a circle was greater than
that of a rectangle (p < 0.05). Triangles were the least attractive to WFT. For yellow and blue sticky
cards, rectangles lured significantly more WFT than triangles (p < 0.05), though no difference was
observed between shapes when using white cards (p > 0.05).
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Figure 5. Preference of western flower thrips, Frankliniella occidentalis to triangle, rectangle, circle and
flower shape. FL-Shape: flower shape. Different lowercase letters indicate significances between
different shapes (Tukey’s HSD test, p < 0.05).

3.3. Visual Cues Versus Olfactory Cues at A Short Distance

In dual-choice tests, the choice frequency (Figure 6a) and residence time (Figure 6b) of WFT
with regard to visual and olfactory cues were analyzed. Both PA and plant volatiles extracted from
flowering M. sativa had attracting effects on WFT (experiment sets 1 and 2, p = 0.022/0.014), and the
extracted volatiles were used as the olfactory cue (O). The yellow flower-shape was used as the visual
cue (V) and lured 63.3% of WFT (p < 0.001, experiment set 3). The residence time of WFT on O was
213.2 ± 13.9 s, significantly higher than that of WFT on V (177.1 ± 10.9 s; experiment set 4, t47 = 2.59,
p = 0.013). Adding volatiles to yellow sticky cards (combination of visual and olfactory cues, VO)
lured 75.0% of WFT, significantly more than the control (only 16.6% of WFT; p < 0.001; experiment set
5, Figure 6a). VO did not result in a significant increase in selection frequency compared with V alone
(experiment set 6, VO: 55.0%, V: 30.0%, p = 0.069, Figure 6a) but did result in an increased preference
compared with O alone (experiment set 7, VO: 65.0%, O: 25.0%, p = 0.001, Figure 6a). Nonetheless,
the residence time of WFT on VO was 1.4-fold longer than that on V alone (experiment set 6, VO:
227.0 ± 7.1 s, V: 159.6 ± 18.0 s, p < 0.001, Figure 6b). Additionally, the residence time of WFT on VO
and O was not significantly different (experiment set 7, VO: 218.2 ± 7.8 s, O: 200.3 ± 15.2 s, p = 0.342).
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Figure 6. Behavioral responses of female western flower thrips, Frankliniella occidentalis to visual
and olfactory cues. (a) Choice of thrips in a Y-tube olfactometer when exposed to different stimuli
(Chi-square test, p < 0.05); (b) resident time of thrips in the two arms of the Y-tube olfactometer when
exposed to different stimuli (t-test, p < 0.05). Visual cue (V): yellow flower- shape; olfactory cue (O):
extracted volatiles from flowering Medicago sativa; combination of visual and olfactory cues (VO):
combined volatiles of M. sativa with yellow flower -shape; PA: p-anisaldehyde; C1: hexane; C2: black
card; C3: hexane combined with black card. Experiment sets: (1) C1-PA; (2) C1-O; (3) C2-V; (4) V-O;
(5) C3-VO; (6) V-VO; (7) O-VO. Asterisks indicate significant differences between the stimuli (* p < 0.05;
** p < 0.01; *** p < 0.001); ns indicates no significant difference can be observed between treatments.

3.4. Plant Volatile Collection and Analysis

Twenty-two components were tentatively identified among the volatiles from flowering M. sativa,
including floral chemicals (Table 1) such as methyl phenethyl ether, methyl benzoate, phenethyl
alcohol, phenethyl acetate and methyl salicylate. In particular the most abundant component was
phenethyl alcohol (29.9% ± 1.0%), followed by 1-acetoxynonane (22.0% ± 1.9%), (Z)-3-hexenyl acetate
(17.3% ± 1.7%) and methyl phenethyl ether (10.8% ± 0.4%).

Table 1. Tentatively volatile components of flowering Medicago sativa.

Compound Retention Time Relative Content (%) 1

(Z)-3-hexenyl acetate 8.89 17.3 ± 1.7
(E)-2-hexenyl acetate 9.071 0.2 ± 0.1

3-methylcyclohex-2-en-1-ol 9.317 0.4 ± 0.1
d-limonene 9.493 0.2 ± 0.1

phenylacetaldehyde 9.753 0.3 ± 0.1
(E)-β-ocimene 9.786 0.4 ± 0.1

methyl phenethyl ether 10.482 10.8 ± 0.4
methyl benzoate 10.782 0.1 ± 0.0

nonanal 10.937 1.2 ± 0.0
phenethyl alcohol 11.138 29.9 ± 1.0
4-methoxystyrene 11.944 0.3 ± 0.1

1,4-dimethoxybenzene 12.105 0.5 ± 0.1
(Z)-3-hexenyl butanoate 12.475 0.3 ± 0.0

methyl salicylate 12.731 0.9 ± 0.1
decanal 12.894 1.1 ± 0.1

ethyl nicotinate 13.083 0.4 ± 0.0
(Z)-3-hexenyl isovalerate 13.41 0.3 ± 0.0

phenethyl acetate 13.801 7.3 ± 0.6
2-undecanone 14.46 1.3 ± 0.1

1-acetoxynonane 14.731 22.0 ± 1.9
germacrene D 17.833 0.9 ± 0.1

2,4-di-tert-butylphenol 18.061 4.0 ± 0.1
1: Proportions (%) of peak areas to total areas of identified compounds.
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4. Discussion

Both visual and olfactory cues play an important role in terms of host foraging among
phytophagous insects [9,13,30,37], and this can be used in the development of efficient insect
management strategies [12,22,24,38]. The phototactic and chemotactic behaviors of thrips have
been studied extensively, and a series of related products have been applied for crop production.
However, the effective range of thrips in response to stimuli and the relative effects of visual and
olfactory cues in orienting insects to hosts are largely unknown. In this study, our observations showed
that at short distances (≤30 cm), visual cues dominated the behavioral responses by WFT; shape was
an important factor for WFT in selection behavior, independent of color. Moreover, olfactory cues can
improve orientation effects over long distances.

Distance affected visual perception by WFT in terms of location, and capture rates by colored
sticky cards decreased as distance increased. At short distances (≤30 cm), WFT exhibited a strong
preference for visual cues. This result was consistent with that of the host location by cabbage root
flies Delia radicum (L.) and Erioischia brassicae (Bouche; both Diptera: Anthomyiidae) at close range
(≤2 m); these insects can locate host plants via visual stimuli [13,39]. In another study involving in a
wind tunnel (length = 1.2 m), WFT exhibited flight behavior to yellow stimuli, but the addition of odor
(p-anisaldehyde) reduced this preference, and chemical odor was in fact shown to inhibit flight [34].
In contrast, in our study, olfactory cues combined with visual cues increased attractant efficacy at
long distances (≥50 cm); as a result, significantly more WFT were attracted to the combination of
p-anisaldehyde and yellow cards than to yellow cards alone. This finding is consistent with the
hypothesis that insects use volatile chemicals (olfactory stimuli) at relatively long distances to locate
hosts [12,40] but contradicts the results of the aforementioned previous study [34]. This discrepancy
may be due to that study being carried out under windy conditions, which interfered with the thrips’
flying ability, resulting in the inferior efficacy of attractants [34].

When a yellow card was used, either combined with olfactory cues or used alone, it was attractive
to WFT [7,34]. Visual cue is important for WFT in eliciting behavioral responses, although a prior
study has indicated enhanced attraction to artificial flowers in the presence of odors [7]. Studies report
numbers of thrips making choices as an index of behavioral preference [11,12,27] but few have focused
on the time remaining in contact (or residence time) as an attribute of the behavioral selection [7].
Mainali and Lim (2011) found that WFT stayed longer on artificial flowers and showed active searching
behaviors, indicating that WFT used the visual cues for locating hosts [7]. In the current study, when an
olfactory cue was applied, whether in combination with the visual cue or utilized alone, WFT stayed
longer in the presence of the olfactory cue than in its absence. Volatiles from flowering M. sativa were
used as the olfactory cue; these volatiles contain a relatively high content of floral components [41],
including methyl benzoate, phenethyl alcohol and phenethyl acetate, which have been shown to be
attractive to thrips [42]. In this study, we speculated that visual cues may dominate the first choice by
WFT and that olfactory cues may promote searching behavior for locating food sources by WFT.

The visual cue of shape, especially flower shape, can affect preference by WFT, and can be used for
the development of more efficient colored sticky cards for monitoring and controlling thrips. The flower
shape can significantly increase the WFT trapping efficacy compared with rectangular and triangular
shapes, in agreement with previous studies [7,17,22,35]. It has been reported that both WFT and F.
intonsa prefer artificial flower traps, especially symmetrical flower shapes, over other patterns [7,35].
The greenhouse whitefly Trialeurodes vaporariorum (Westwood) also exhibits a preference for yellow
flower model traps, resulting in a capture of more than 1.8-fold than the number caught when using
rectangular yellow sticky cards [28]. WFT exhibited a strong preference for flower shape, independent
of color, while the greater attraction to flower shapes could be related to the higher length of edges
provided by that shape compared to the others, benefiting WFT searching for cryptic habitats [2,6,7].
Moreover, circles are similar in shape to fruits or flowers, and significantly more thrips gathered on
circle-shaped traps than rectangle- or triangle-shaped traps, which are similar to leaf shapes [7,36].
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Blue and yellow are the colors preferred by thrips, which is consistent with previous
studies [12,17,21,24,43,44]. Most researchers have found that blue is more efficient than yellow
in attracting thrips [24,25,45]. In our study, blue was less attractive than yellow in the laboratory,
but the opposite result was observed in the greenhouse. The different preferences for colors in the
laboratory and greenhouse may be affected by light intensity and environmental conditions [22,24,46].
In the laboratory, a black background was used, providing a high contrast for yellow [22]; therefore,
this background likely enhanced the luring efficacies of yellow, especially under relatively low light
intensity in the laboratory. The host plants (eggplant) may also have affected the impact of color,
resulting in thrips preferring blue to yellow, which is in accordance with previous studies [9,39,43,47].
In addition, the physiological status and circadian rhythm can affect insect preference for colors [48,49].
Indeed, it has been reported that the expression of photoreceptor genes for ultraviolet (UV), blue and
long-wavelength-sensitivity in Helicoverpa armigera (Hübner) is regulated by the circadian clock and
nutritional status, which can affect the localization behavior of H. armigera [48].

5. Conclusions

Our results showed that both visual and olfactory cues elicited behavioral responses by WFT,
that visual cues dominated the behavioral responses at short distances and that shape also played
an important role in the perception of visual cues. It was observed that olfactory cues improved the
efficacy of orientation over a relatively long distance. These findings may help develop efficient traps
for monitoring and controlling thrips.

Author Contributions: Data curation, X.R., S.W. and R.X.; Investigation, X.R.; Methodology, X.R.; Software, X.R.
and R.X.; Writing—original draft, X.R.; Writing—review and editing, S.W., Z.X., W.C. and Z.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National key Research and Developments (R&D) plan (Grant No.
2017YFD0200900) and the China Agriculture Research System (CARS-23-D-08).

Acknowledgments: We thank Z.F. for the contribution in greenhouses managements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kirk, W.D.J.; Terry, L.I. The spread of the western flower thrips Frankliniella occidentalis (Pergande). Agric.
Forest Entomol. 2003, 5, 301–310. [CrossRef]

2. Reitz, S.R. Biology and ecology of the western flower thrips (Thysanoptera: Thripidae): The making of a
pest. Fla. Entomol. 2009, 92, 7–13. [CrossRef]

3. Reitz, S.R.; Gao, Y.; Lei, Z. Thrips: Pests of concern to China and the United States. J. Integr. Agric. 2011, 10,
867–892.

4. Silva, R.; Hereward, J.P.; Walter, G.H.; Wilson, L.J.; Furlong, M.J. Seasonal abundance of cotton thrips
(Thysanoptera: Thripidae) across crop and non-crop vegetation in an Australian cotton producing region.
Agric. Ecosyst. Environ. 2018, 256, 226–238. [CrossRef]

5. Gao, Y.; Lei, Z.; Reitz, S.R. Western flower thrips resistance to insecticides: Detection, mechanisms and
management strategies. Pest Manag. Sci. 2012, 68, 1111–1121. [CrossRef]

6. Wu, S.; Tang, L.; Zhang, X.; Xing, Z.; Lei, Z.; Gao, Y. A decade of a thrips invasion in China: Lessons learned.
Ecotoxicology 2018, 27, 1032–1038. [CrossRef]

7. Mainali, B.P.; Lim, U.T. Behavioral response of western flower thrips to visual and olfactory cues. J. Insect
Behav. 2011, 24, 436–446. [CrossRef]

8. Lu, Y.; Zhang, Y.; Wu, K. Host-plant selection mechanisms and behavioural manipulation strategies of
phytophagous insects. Acta Eco. Sinica. 2008, 28, 5113–5122. (In Chinese)

9. Bruce, T.J.A.; Wadhams, L.J.; Woodcock, C.M. Insect host location: A volatile situation. Trends Plant Sci. 2005,
10, 269–274. [CrossRef]

10. Schröder, R.; Hilker, M. The relevance of background odor in resource location by insects: A behavioral
approach. BioScience 2008, 58, 308–316. [CrossRef]

http://dx.doi.org/10.1046/j.1461-9563.2003.00192.x
http://dx.doi.org/10.1653/024.092.0102
http://dx.doi.org/10.1016/j.agee.2017.12.024
http://dx.doi.org/10.1002/ps.3305
http://dx.doi.org/10.1007/s10646-017-1864-6
http://dx.doi.org/10.1007/s10905-011-9267-7
http://dx.doi.org/10.1016/j.tplants.2005.04.003
http://dx.doi.org/10.1641/B580406


Insects 2020, 11, 177 11 of 12

11. Koschier, E.H.; de Kogel, W.J.; Visser, J.H. Assessing the attractiveness of volatile plant compounds to western
flower thrips Frankliniella occidentalis. J. Chem. Ecol. 2000, 26, 2643–2655. [CrossRef]

12. Otieno, J.A.; Stukenberg, N.; Weller, J.; Poehling, H.M. Efficacy of LED-enhanced blue sticky traps combined
with the synthetic lure Lurem-TR for trapping of western flower thrips (Frankliniella occidentalis). J. Pest Sci.
2018, 91, 1301–1314. [CrossRef]

13. Prokopy, R.J.; Owens, E.D. Visual detection of plants by herbivorous insects. Annu. Rev. Entomol. 1983, 28,
337–364. [CrossRef]

14. de Kogel, W.J.; Koschier, E.H. Thrips responses to plant odours. In Proceedings of the 7th International
Symposium on Thysanoptera; Marullo, R., Mound, L., Eds.; CSIRO Entomology: Canberra, Australia, 2002;
pp. 189–190.

15. Vernon, R.S.; Gillespie, D.R. Spectral responsiveness of Frankliniella occidentalis (Thysanoptera: Thripidae)
determined by trap catches in greenhouses. Environ. Entomol. 1990, 19, 1229–1241. [CrossRef]

16. Matteson, N.; Terry, I.; Ascoli-Christensen, A.; Gilbert, C. Spectral efficiency of the western flower thrips,
Frankliniella occidentalis. J. Insect Physiol. 1992, 38, 453–459. [CrossRef]

17. Pearsall, I.A. Flower preference behaviour of western flower thrips in the Similkameen Valley, British
Columbia, Canada. Entomol. Exp. Appl. 2000, 95, 303–313. [CrossRef]

18. Roubos, C.R.; Liburd, O.E. Effect of trap color on captures of grape root borer (Lepidoptera: Sesiidae) males
and non-target insects. J. Agric. Urban. Entomol. 2008, 25, 99–109. [CrossRef]

19. Straw, N.A.; Williams, D.T.; Green, G. Influence of sticky trap color and height above ground on capture of
alate Elatobium abietinum (Hemiptera: Aphididae) in Sitka Spruce Plantations. Environ. Entomol. 2011, 40,
120–125. [CrossRef]

20. Beers, E.H. Effect of trap color and orientation on the capture of Aphelinus mali (Hymenoptera: Aphelinidae), a
parasitoid of woolly apple aphid (Hemiptera: Aphididae). J. Econ. Entomol. 2012, 105, 1342–1349. [CrossRef]

21. Rieske, L.K.; Raffa, K.F. Evaluation of visual and olfactory cues for sampling three thrips species (Thysanoptera:
Thripidae) in deciduous forests of the northern United States. J. Econ. Entomol. 2003, 96, 777–782. [CrossRef]

22. Mainali, B.P.; Lim, U.T. Circular yellow sticky trap with black background enhances attraction of Frankliniella
occidentalis (Pergande) (Thysanoptera: Thripidae). Appl. Entomol. Zool. 2010, 45, 207–213. [CrossRef]

23. Gharekhani, G.H.; Ghorbansyahi, S.; Saber, M.; Bagheri, B. Influence of the colour and height of sticky
traps in attraction of Thrips tabaci (Lindeman) (Thysanoptera, Thripidae) and predatory thrips of family
Aeolothripidae on garlic, onion and tomato crops. Arch. Phytopathol. Plant Prot. 2014, 47, 2270–2275.
[CrossRef]

24. Mi, N.; Zhang, Q.; Wang, H.; Wu, S.; Lei, Z. The phototaxis behavior of Thrips tabaci and trapping effect of
different wavelength sticky cards in the field. Sci. Agric. Sinica. 2019, 52, 1721–1732. (In Chinese)

25. Mao, L.; Chang, Y.; Yang, F.; Zhang, L.; Zhang, Y.; Jiang, H. Attraction effect of different colored cards on
thrips Frankliniella intonsa in cowpea greenhouses in China. Sci. Rep. 2018, 8, 13603. [CrossRef]

26. Bian, L.; Yang, P.X.; Yao, Y.J.; Luo, Z.X.; Cai, X.M.; Chen, Z.M. Effect of trap color, height, and orientation on
the capture of yellow and stick tea thrips (Thysanoptera: Thripidae) and nontarget insects in tea gardens. J.
Econ. Entomol. 2016, 109, 1241–1248. [CrossRef] [PubMed]

27. Cao, Y.; Zhi, J.; Li, C.; Zhang, R.; Wang, C.; Shang, B.; Gao, Y. Behavioral responses of Frankliniella occidentalis
to floral volatiles combined with different background visual cues. Arthropod-Plant Interact. 2018, 12, 31–39.
[CrossRef]

28. Mainali, B.P.; Lim, U.T. Use of flower model trap to reduce the infestation of greenhouse whitefly on tomato.
J. Asia-Pac. Entomol. 2008, 11, 65–68. [CrossRef]

29. Goulson, D. Foraging strategies of insects for gathering nectar and pollen, and implications for plant ecology
and evolution. Perspect. Plant Ecol. 1999, 2, 185–209. [CrossRef]

30. Cunningham, J.P.; Moore, C.J.; Zalucki, M.P.; Cribb, B.W. Insect odour perception: Recognition of odour
components by flower foraging moths. Proc. R. Soc. B Biol. Sci. 2006, 273, 2035–2040. [CrossRef]

31. Raguso, R.A. Wake up and smell the roses: The ecology and evolution of floral scent. Annu. Rev. Ecol. Evol.
Syst. 2008, 39, 549–569. [CrossRef]

32. Pan, H.; Lu, L.; Xiu, C.; Geng, H.; Cai, X.; Sun, X.; Zhang, Y.; Williams III, L.; Wyckhuys, K.A.G.; Wu, K.
Volatile fragrances associated with flowers mediate host plant alternation of a polyphagous mirid bug. Sci.
Rep. 2015, 5, 14805. [CrossRef] [PubMed]

http://dx.doi.org/10.1023/A:1026470122171
http://dx.doi.org/10.1007/s10340-018-1005-x
http://dx.doi.org/10.1146/annurev.en.28.010183.002005
http://dx.doi.org/10.1093/ee/19.5.1229
http://dx.doi.org/10.1016/0022-1910(92)90122-T
http://dx.doi.org/10.1046/j.1570-7458.2000.00669.x
http://dx.doi.org/10.3954/1523-5475-25.2.99
http://dx.doi.org/10.1603/EN09344
http://dx.doi.org/10.1603/EC12174
http://dx.doi.org/10.1093/jee/96.3.777
http://dx.doi.org/10.1303/aez.2010.207
http://dx.doi.org/10.1080/03235408.2013.874100
http://dx.doi.org/10.1038/s41598-018-32035-8
http://dx.doi.org/10.1093/jee/tow007
http://www.ncbi.nlm.nih.gov/pubmed/26842809
http://dx.doi.org/10.1007/s11829-017-9549-x
http://dx.doi.org/10.1016/j.aspen.2008.04.005
http://dx.doi.org/10.1078/1433-8319-00070
http://dx.doi.org/10.1098/rspb.2006.3559
http://dx.doi.org/10.1146/annurev.ecolsys.38.091206.095601
http://dx.doi.org/10.1038/srep14805
http://www.ncbi.nlm.nih.gov/pubmed/26423224


Insects 2020, 11, 177 12 of 12

33. Riffell, J.A.; Lei, H.; Abrell, L.; Hildebrand, J.G. Neural basis of a pollinator’s buffet: Olfactory specialization
and learning in Manduca sexta. Science 2013, 339, 200–204. [CrossRef] [PubMed]

34. Teulon, D.A.J.; Hollister, B.; Butler, R.C.; Cameron, E.A. Colour and odour responses of flying western flower
thrips: Wind tunnel and greenhouse experiments. Entomol. Exp. Appl. 1999, 93, 9–19. [CrossRef]

35. Mainali, B.P.; Lim, U.T. Evaluation of chrysanthemum flower model trap to attract two Frankliniella thrips
(Thysanoptera: Thripidae). J. Asia-Pac. Entomol. 2008, 11, 171–174. [CrossRef]

36. Moreno, D.S.; Gregory, W.A.; Tanigoshi, L.K. Flight response of Aphytis melinus (Hymenoptera: Aphelinidae)
and Scirtothrips citri (Thysanoptera: Thripidae) to trap color, size, and shape. Environ. Entomol. 1984, 13,
935–940. [CrossRef]

37. Reeves, J.L. Vision should not be overlooked as an important sensory modality for finding host plants.
Environ. Entomol. 2011, 40, 855–863. [CrossRef]

38. Molnár, B.P.; Kárpáti, Z.; Nagy, A.; Szarukán, I.; Csabai, J.; Koczor, S.; Tóth, M. Development of a
female-targeted lure for the box tree moth Cydalima perspectalis (Lepidoptera: Crambidae): A preliminary
report. J. Chem. Ecol. 2019, 45, 657–666. [CrossRef]

39. Hawkes, C. Dispersal of adult cabbage root fly (Erioischia brassicae (Bouche)) in relation to a Barassica crop. J.
Appl. Ecol. 1974, 11, 83–93. [CrossRef]

40. Finch, S.; Collier, R.H. Host-plant selection by insects—A theory based on ‘appropriate/inappropriate
landings’ by pest insects of cruciferous plants. Entomol. Exp. Appl. 2000, 96, 91–102. [CrossRef]

41. Tava, A.; Pecetti, L. Volatiles from Medicago sativa complex flowers. Phtochemisty 1997, 45, 1145–1148.
[CrossRef]

42. Teulon, D.A.J.; Davidson, M.M.; Hedderley, D.I.; James, D.E.; Fletcher, C.D.; Larsen, L.; Green, V.C.; Perry, N.B.
4-Pyridyl carbonyl and related compounds as thrips lures: Effectiveness for onion thrips and New Zealand
flower thrips in field experiments. J. Agric. Food Chem. 2007, 55, 6198–6205. [CrossRef] [PubMed]

43. Matteson, N.A.; Terry, L.I. Response to color by male and female Frankliniella occidentalis during swarming
and non-swarming behavior. Entomol. Exp. Appl. 1992, 63, 187–201. [CrossRef]

44. Natwick, E.T.; Byers, J.A.; Chu, C.; Lopez, M.; Henneberry, T.J. Early detection and mass trapping of
Frankliniella occidentalis, and Thrips tabaci in vegetable crops. Southwest Entomol. 2007, 32, 229–238. [CrossRef]

45. Brodsgaard, H.F. Coloured sticky traps for Frankhiella occidentalis (Pergande) (Thysanoptera, Thripidae) in
glasshouses. J. Appl. Entomol. 1989, 107, 136–140. [CrossRef]

46. Hoddle, M.S.; Robinson, L.; Morgan, D. Attraction of thrips (Thysanoptera: Thripidae and Aeolothripidae)
to colored sticky cards in a California avocado orchard. Crop Prot. 2002, 21, 383–388. [CrossRef]

47. Antignus, Y. Manipulation of wavelength-dependent behaviour of insects: An IPM tool to impede insects
and restrict epidemics of insect-borne viruses. Virus Res. 2000, 71, 213–220. [CrossRef]

48. Yan, S.; Zhu, J.; Zhu, W.; Zhang, X.; Li, Z.; Liu, X.; Zhang, Q. The expression of three opsin genes from
the compound eye of Helicoverpa armigera (Lepidoptera: Noctuidae) is regulated by a circadian clock, light
conditions and nutritional status. PLoS ONE 2014, 9, e111683. [CrossRef] [PubMed]

49. Davidson, M.M.; Butler, R.C.; Teulon, D.A.J. Starvation period and age affect the response of female
Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae) to odor and visual cues. J. Insect Physiol. 2006,
52, 729–736. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.1225483
http://www.ncbi.nlm.nih.gov/pubmed/23223454
http://dx.doi.org/10.1046/j.1570-7458.1999.00557.x
http://dx.doi.org/10.1016/j.aspen.2008.07.003
http://dx.doi.org/10.1093/ee/13.4.935
http://dx.doi.org/10.1603/EN10212
http://dx.doi.org/10.1007/s10886-019-01094-0
http://dx.doi.org/10.2307/2402006
http://dx.doi.org/10.1046/j.1570-7458.2000.00684.x
http://dx.doi.org/10.1016/S0031-9422(97)00119-2
http://dx.doi.org/10.1021/jf070389a
http://www.ncbi.nlm.nih.gov/pubmed/17602496
http://dx.doi.org/10.1111/j.1570-7458.1992.tb01573.x
http://dx.doi.org/10.3958/0147-1724-32.4.229
http://dx.doi.org/10.1111/j.1439-0418.1989.tb00240.x
http://dx.doi.org/10.1016/S0261-2194(01)00119-3
http://dx.doi.org/10.1016/S0168-1702(00)00199-4
http://dx.doi.org/10.1371/journal.pone.0111683
http://www.ncbi.nlm.nih.gov/pubmed/25353953
http://dx.doi.org/10.1016/j.jinsphys.2006.03.013
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	WFT Rearing 
	Distance Effect on Cue Perception 
	Color Preference 
	Geometric Preference Assay 
	Visual Cues Versus Olfactory Cues at A Short Distance 
	Plant Volatile Collection and Analysis 
	Data Analysis 

	Results 
	Distance Effect on Cue Perception 
	Visual Cues Used in Short Distances 
	Color Preference 
	Geometric Preference Assay 

	Visual Cues Versus Olfactory Cues at A Short Distance 
	Plant Volatile Collection and Analysis 

	Discussion 
	Conclusions 
	References

