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Abstract: Western flower thrips, Frankliniella occidentalis (WFT), is one of the most destructive insect
pests of vegetables and ornamental crops globally. Ultraviolet-C (UV-C) exposure has been shown to
reduce populations of arthropod pests, including whiteflies and two-spotted spider mites, but has
not been fully assessed for WFT. The goal of this study was to determine if UV-C radiance could be a
viable strategy for inclusion in integrated pest management (IPM) programs for WFT. The objectives
were to (1) assess the relationship among UV-C dose (irradiance × duration) and mortality of WFT
adults and second instar larvae, (2) determine the effect of UV-C on WFT fecundity and egg hatch,
and (3) assess the effect of the WFT lethal dose of UV-C on three WFT-prone ornamental plants. A
UV-C dose is measured in Joules, which equals power (watts) × exposure time. A dose-dependent
relationship between UV-C exposure and mortality of WFT larvae and adults was observed. At the
doses of 0.98 and 0.68 J/cm2 (5 and 4 min exposure, respectively), 50% of the larvae died within
24 and 48 h, respectively. The UV-C dose needed to achieve 50% mortality was higher for adults than
larvae, occurring at 5.2 and 4.4 J/cm2 (35 min and 25 min exposure, respectively) within 72 and 120 h,
respectively. The number of eggs laid by surviving WFT subjected to UV-C treatment was less than
by those that were untreated, and the egg-laying period was significantly shorter among those treated
with UV-C. When leaves containing WFT eggs were exposed to UV-C doses known to cause 30–40%
mortality in adults, 86–98% fewer eggs hatched compared to untreated controls. Ornamental plants
exposed to UV-C doses lethal to eggs, second instars, and adult WFT either showed no damage, or
when damage occurred, plants recovered within 14–30 days. Additional studies under controlled
greenhouse conditions are needed to elucidate the effectiveness of UV-C radiance against WFT over
time and its compatibility with biological control and other IPM practices.
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1. Introduction

Western flower thrips (WFT), Frankliniella occidentalis (Thysanoptera: Thripidae), is one
of the most important insect herbivores in the world [1]. It is an economically important
pest of many vegetables and ornamental plants, causing damage by direct feeding of plant
sap that scars or deforms foliage, flowers, and fruits, reducing their aesthetic value and crop
yield, as well as disrupting plant growth and physiology. Equally important, WFT transmits
several destructive plant viruses, including tomato spotted wilt virus (TSWV), impatiens
necrotic spot virus (INSV), chrysanthemum stem necrosis virus, groundnut ringspot virus,
and tomato chlorotic spot virus [2,3]. It was reported in 1998 that TSWV caused over USD
1 billion in losses annually on a global basis [4]. In the United States, losses over a 10 year
period were estimated at USD 1.4 billion [5]. This estimate does not include direct cosmetic
damage caused by WFT. This combination of damage and virus infection can render plants
unsalable or kills them outright and threatens growers with severe economic loss. WFT
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are extremely difficult to manage. They are tiny and crawl deep into plant crevices where
chemical sprays do not penetrate. In many greenhouses, crops are grown year-round
and WFT becomes a resident pest. Their mobility, high reproductive rate, and wide host
range contribute to their success, and growers are left with few management options [2,3].
Due to national and international quarantine restrictions, plants and cut flowers shipped
between states and countries must be free of this pest. In the past, growers have relied
heavily on agricultural chemicals for WFT management, but due to resistance, many are
no longer effective. Additionally, customers prefer crops that are grown with few or no
chemical insecticides. IPM tactics for WFT are needed because current chemical, cultural,
and biological control options are not sufficient, and thus novel, alternative management
approaches must be developed.

Ultraviolet energy has been used widely in an array of settings for the disinfection of
microbial contaminants by preventing their growth and replication. The potential of UV
for pest management has not been studied extensively because of the lack of knowledge
about how to effectively apply it to insect pests. UV irradiation is divided into three
classes: UV-A, UV-B, and UV-C. The sunlight that reaches the Earth’s surface has no
UV-C, only UV-A and UV-B. There are limited reports on the lethal effects of UV-A or
UV-B (315–400 nm) on insects. However, it has been documented that UV-A irradiation
slightly reduces adult longevity in certain insect species [6,7]. UV-C radiation is highly
energetic (λ ≤ 280 nm) and is strongly absorbed by oxygen and ozone in the stratosphere,
being absent in terrestrial sunlight. It penetrates the outer membrane of organisms and
causes chemical damage, mutations, and body lesions. UV radiation induces various
biological effects, such as changes in protein and DNA structures, as well as alterations
in other biologically significant molecules. It can cause chronic depression in essential
physiological processes and acute physiological stress, resulting in reduced growth, cell
division, pigment bleaching, impaired N2 fixation, decreased energy production, or the
inhibition of photosynthesis in numerous organisms [8–10].

In insects, UV radiation interferes with their orientation, navigation, feeding, and inter-
actions between the sexes [11,12]. The smaller the insect, the more susceptible they appear
to be. Plant diseases, such as powdery mildew, can be controlled by a variety of spectral
wavelengths, including UV-C. However, limited information is available on the detrimental
effects of UV on insect pests [13,14]. The effect of UV-C has been studied on the growth, de-
velopment, and reproduction of house dust mites (Dermatophagoides farina), stored product
beetles (Tribolium castaneum), and mite pests (Tyrophagus putrescentiae) [15–17]. Research
demonstrated that UV-C exposure significantly diminished egg hatching and adult emer-
gence, leading to a prolonged development time in grain beetles [17]. Studies on the impact
of UV irradiance on two-spotted spider mite, Tetranychus urticae, revealed that exposure
to both UV-C and UV-B significantly increased mortality and inhibited oviposition in
non-diapausing females [18–21]. Similarly, nightly UV-C treatments have been shown to
significantly reduce populations of greenhouse whiteflies, Trialeurodes vaporariorum, offering
a possible non-chemical means of management on tomatoes [22].

It is important that the application of the UV-C energy designed to kill the pest
does not kill or damage the host plant. Therefore, it is necessary to deliver the lethal
dose for the pest precisely in terms of spectrum, intensity, duration, and timing while
simultaneously maintaining plant host health. Early research on the biological activity of
UV light suggested detrimental effects on plants. UV exposure can influence the quality of
plant tissue for herbivores, through either change in leaf chemistry or reinforcement of the
plant cell wall [23–26]. For example, solar UV-B reduced damage by the thrips Caliothrips
phaseoli on soybean (Glycine max) leaves in field and laboratory choice experiments [27].
Thrips not only preferred leaves from plants that were not exposed to UV-B over those that
were in choice experiments but they also appeared to directly sense and avoid exposure to
UV-B. The anti-herbivory effect induced by UV-B is most likely due to the accumulation
of phenylpropanoid derivatives in plants similar to their response to insect herbivory [28].
Biochemical changes such as variation in the level of flavonoids, leaf nitrogen, hemicellulose,
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and lignin, induced by UV exposure, are also likely to affect plant-insect interaction. It is
reported that the activation of phytohormones such as jasmonic acid (JA) increased plant
resistance against piercing-sucking arthropods such as spider mites and thrips [29,30].

The primary objective of this study was to assess the potential of UV-C exposure
as a component within a comprehensive integrated pest management (IPM) program.
The initial step involved investigating the relationship among UV-C doses (irradiance x
duration) and WFT mortality. The study also investigated the impact of UV-C energy on
WFT fecundity, egg hatchability, and the effect of lethal UV-C doses on selected ornamental
crops. We used UV-C optical radiation at 254 nm because it is known to be very effective for
pest suppression and it is readily and inexpensively available from commercially produced
germicidal lamps. Once effective doses for controlling WFT have been established in the
laboratory, engineering solutions to deliver them in various applications can be developed.

2. Materials and Methods
2.1. UV-C Chamber

A specially designed chamber (2.3 m tall, 0.94 m wide, 0.76 m deep) was used for UV-C
exposures of WFT and plant samples (Lighting Research Center, Rensselaer Polytechnic
Institute, Troy, NY, USA) (Figure 1). The chamber was equipped with two UV-C lamps
(OSRAM Puritec low pressure lamps, HNS-55W-G13, Munich, Germany) and a shelf for
samples positioned 30 cm from the light source. Prior to testing, the irradiance level at the
center of the shelf had been calibrated with a spectroradiometer (Gigahertz-Optik BTS2048-
UV-S, Munich, Germany) and was directly related with the (arbitrary) response of the UV
sensor at the top of the chamber. This sensor ensured that the calibrated irradiance level at
the center of the shelf was maintained throughout the UV-C exposure. After stabilization
of the lamps, test samples were placed at the center of the shelf where the irradiance level
delivered to the samples was always 28.33 W/m2. The air compressor was used to move
the mechanical shutter automatically in response to the shutter switch. The shutter sensor
measured the duration of UV-C exposure, which was varied by the experimenter with a
stopwatch, stopping the exposure with the on/off relay. The timer recorded the duration of
UV-C exposure at the sensor so the prescribed energy, in Joules (Ws/m2), was recorded.
Different test dosages were achieved by changing the length of the exposure time.

2.2. Effect of UV-C on WFT Adults and Second Instars

A laboratory colony of WFT maintained at University of Vermont Entomology Re-
search Laboratory (Burlington, VT, USA, 44◦27′22′′ N; 73◦11′37′′ W) for >35 years was used
for all trials. The species of several individuals from the colony were confirmed using
molecular analysis. WFT were reared on primary leaves of green beans (Phaseolus vulgaris)
in water-filled glass flasks held within a clear plastic Ziploc container (24 × 24 × 13 cm).
All containers received fresh plant material twice per week. The beans were grown under
florescent lights in a separate room to prevent infestation by thrips or other insect pests. In
each container, 5 × 9 cm holes were cut into two parallel sides of the container and fitted
with thrips-proof mesh for air circulation. The rearing containers were placed inside an
incubator (62 × 54 × 81 cm) that provided stable light (7.71-watt LED bulb, 629 lumens),
24:0 (L/D); temperature (22 ◦C); and RH (≈75%) conditions.

For each experiment, ten even-aged WFT, either adults or second instars depending
on the experiment, were transferred from the rearing containers to a Petri dish (9 cm
diameter) using a fine paintbrush. WFT were treated in the dishes without lids. A thin
layer of Vaseline was added to the top rim of the Petri dishes to prevent WFT from escaping
during exposure.
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Figure 1. Test chamber (2.3 m tall, 0.94 m wide, 0.76 m deep) used for UV-C exposures of WFT and
plant samples, equipped with two UV-C lamps (OSRAM Puritec low-pressure lamps, HNS-55W-G13).

The UV-C doses used against second instars were 0.08, 0.17, 0.34, 0.68, and 0.98 J/cm2

(30 s, 60 s, 2 min, 4 min, and 5 min, respectively). For adults, the doses were 1.70, 2.58,
3.50, 4.40, and 5.20 J/cm2 (10, 15, 20, 25, and 30 min, respectively). An untreated control
that was not subjected to UV-C treatment was used in each set of experiments. The UV-C
doses tested were determined for adults and second instars based on preliminary tests
to estimate the effect and variance of the UV-C exposure on each of these life stages. In
preliminary trials, we found that doses that killed larvae were not enough to kill adults.
This is likely because adults have a thicker exoskeleton and greater mobility. Therefore, we
tested different doses for adults and larvae.

Immediately after UV-C exposure, a green bean leaf disc (6 cm diameter) was placed
on filter paper moistened with 100 µL of sterile distilled water and added to each Petri
dish to provide food and humidity for the insects. Petri dishes were covered with lids,
sealed with parafilm to maintain humidity, and incubated at 25 ◦C and 16:8 (L/D). Each
sample was inspected under a microscope with 40× magnification 1, 24, 48, 72, and 120 h
post-treatment and the number of dead WFT was recorded. Adults were considered dead
if they were immobile on the bottom of the dish. This provided data on both immediate
and delayed effects of UV-C on the test insects. For each UV-C dose, three Petri dishes were
prepared, including the untreated controls, and each experiment was repeated three times.



Int. J. Plant Biol. 2024, 15 472

2.3. Effect of UV-C on WFT Fecundity and Egg Survival
2.3.1. Fecundity Trials

A series of trials were conducted to assess the secondary effects of UV-C on egg laying
as this would reduce WFT populations overtime. In these trials, a one-day-old WFT female
was placed in a 6 cm diameter Petri dish as described for the bioassays and exposed to UV-C
at doses of 0.5, 1.5, 2.5, and 3.5 J/cm2 (2.9, 8, 15, and 22 min, respectively). Immediately
after exposure, a green bean leaf disc on moist filter paper was added to each dish for
food and a substrate for egg laying. Petri dishes were incubated at 25 ◦C and 16:8 (L/D)
and inspected after 5, 6, 7, 8, 9, and 10 days, and the number of larvae that emerged was
recorded daily. Ten WFT were tested at each UV-C dose, and the entire experiment was
repeated five times. Each treatment was replicated three times within a trial and included
an untreated control. The entire experiment was repeated three times.

2.3.2. Egg Trials

WFT generally lay eggs on the underside of the leaf, between the upper and lower
epidermal layers. Experiments were conducted to determine the impact of UV-C radiation
on WFT eggs laid inside bean and marigold (Tagetes sp.) leaf tissue. Ten one-day-old
WFT females were placed on leaves and allowed to lay eggs. For beans, a 6 cm diameter
leaf disc was used, whereas for marigolds, entire leaflets (≈4 cm long) were used. After
24 h, WFT were removed, and the leaf samples were exposed to UV-C at 0.5, 1.5, 2.5, and
3.5 J/cm2 doses (2.9, 8, 15, and 22 min, respectively). Leaves were then placed on a moist
filter paper in a covered Petri dish and incubated at 25 ◦C and 16:8 (L/D) for 7 days, after
which the number of larvae that emerged from the eggs and were visible on the bean disc
were counted. Each treatment, including an untreated control, was replicated three times
within a trial, and the entire experiment was repeated three times over a 2 month period.

2.4. Effect of UV-C Exposure on Plants

WFT is a major pest of ornamental plants. It is therefore critical that the level of
radiation used to kill WFT does not also negatively impact the appearance of the host
plant. The effect of four UV-C doses (0.5, 1.5, 2.5, and 3.5 J/cm2 (2.9, 8, 15, and 22 min,
respectively)) were tested on immature and flowering stages of Portulaca (Happy HR
Fuchsia), African marigold (Tagetes sp., African Taishan Gold), and Calibrachoa (var. Cabaret
orange) (Ball Horticultural Co., Chicago, IL, USA). Untreated plants were used as controls.
Three plants were treated for each UV-C dose, and the entire test was repeated three times.
After exposure, plants were inspected for signs of damage daily for 14 days (non-flowering)
and 30 days (flowering) for evidence of recovery from UV-C exposure.

A rating system was developed to assess UV-C damage, which was modified from a
method commonly used by the authors to assess foliar feeding damage by WFT [31]. The
level of damage characteristic of UV-C damage (defoliation, discoloration, and leaf curling)
on each plant was assessed visually (Figure 2) using the following criteria:

Int. J. Plant Biol. 2024, 15, FOR PEER REVIEW 6 
 

 

 
Figure 2. Generic example of foliar damage ratings on marigold plants after exposure to UV-C. 

2.5. Statistical Analysis 
Data from all experiments on the number of WFT (adults, larvae, and eggs) and the 

foliar damage ratings were analyzed using a general linear model with repeated measures 
and/or univariate procedures, followed by Tukey’s honestly significant difference (HSD) 
tests (α = 0.05). The data were not transformed and were assessed for any substantial de-
viations from normality before proceeding with the analyses. For repeated measures, if 
Mauchly’s test of sphericity was violated, Greenhouse–Geisser or Huynh–Feldt corrected 
F- and p-values were reported depending on if the estimated epsilon value was below or 
above 0.75, respectively. Analyses were conducted using IBM-SPSS v.26 (IBM, Armonk, 
NY, USA), and figures were produced with Prism v.10 (GraphPad Software, Boston, MA, 
USA). 

3. Results 
3.1. Effect of UV-C Exposure on WFT Mortality 
3.1.1. Larvae 

There were significant differences in the mortality of second instar WFT larvae 
among UV-C doses over time after exposure (F20,144 = 14.95; p < 0.001). Larval mortality 
increased significantly over time (F4,144 = 765.82; p < 0.001). Significant differences in larval 
mortality among UV-C doses were observed as early as 1 h after exposure and remained 
significant at each observation time up to 120 h (F5,36 = 38.91; p < 0.001). One hour after UV-
C exposure, the two highest doses (0.68 and 0.98 J/cm2) caused significantly greater mor-
tality than the control and two lowest doses (0.08 and 0.17 J/cm2) (p ≤ 0.004). There were 
no significant differences in mortality among the three lowest rates and the control (p ≥ 
0.776) and no significant difference between 0.34 and 0.68 J/cm2 (p = 0.116). Forty-eight 
hours after exposure, all treatment doses were significantly different from the control (p ≤ 
0.028) and remained significant thereafter up to 120 h post-exposure (p < 0.001). Peak larval 
mortality was observed in all treatments at 120 h after exposure. There were no significant 
differences between doses 0.17 and 0.34 J/cm2 or 0.68 and 0.98 J/cm2 after 120 h, though 
significantly greater mortality was observed for those doses than the lowest dose (0.08 
J/cm2) (p < 0.001) (Figure 3). 

Figure 2. Generic example of foliar damage ratings on marigold plants after exposure to UV-C.

1—(<10%) no leaf curl/distortion–slight discoloration–no dieback.
2—(10–25%) slight leaf curl/distortion–slight discoloration–no dieback.
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3—(26–50%) moderate leaf curl/distortion–moderate discoloration–slight dieback.
4—(51–75%) severe leaf curl/distortion–moderate discoloration–moderate dieback.
5—(>75%) severe leaf curl/distortion–heavy discoloration–heavy dieback.

2.5. Statistical Analysis

Data from all experiments on the number of WFT (adults, larvae, and eggs) and the
foliar damage ratings were analyzed using a general linear model with repeated measures
and/or univariate procedures, followed by Tukey’s honestly significant difference (HSD)
tests (α = 0.05). The data were not transformed and were assessed for any substantial
deviations from normality before proceeding with the analyses. For repeated measures, if
Mauchly’s test of sphericity was violated, Greenhouse–Geisser or Huynh–Feldt corrected
F- and p-values were reported depending on if the estimated epsilon value was below or
above 0.75, respectively. Analyses were conducted using IBM-SPSS v.26 (IBM, Armonk, NY,
USA), and figures were produced with Prism v.10 (GraphPad Software, Boston, MA, USA).

3. Results
3.1. Effect of UV-C Exposure on WFT Mortality
3.1.1. Larvae

There were significant differences in the mortality of second instar WFT larvae among
UV-C doses over time after exposure (F20,144 = 14.95; p < 0.001). Larval mortality increased
significantly over time (F4,144 = 765.82; p < 0.001). Significant differences in larval mortality
among UV-C doses were observed as early as 1 h after exposure and remained significant at
each observation time up to 120 h (F5,36 = 38.91; p < 0.001). One hour after UV-C exposure, the
two highest doses (0.68 and 0.98 J/cm2) caused significantly greater mortality than the control
and two lowest doses (0.08 and 0.17 J/cm2) (p≤ 0.004). There were no significant differences in
mortality among the three lowest rates and the control (p ≥ 0.776) and no significant difference
between 0.34 and 0.68 J/cm2 (p = 0.116). Forty-eight hours after exposure, all treatment doses
were significantly different from the control (p ≤ 0.028) and remained significant thereafter
up to 120 h post-exposure (p < 0.001). Peak larval mortality was observed in all treatments at
120 h after exposure. There were no significant differences between doses 0.17 and 0.34 J/cm2

or 0.68 and 0.98 J/cm2 after 120 h, though significantly greater mortality was observed for
those doses than the lowest dose (0.08 J/cm2) (p < 0.001) (Figure 3).
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3.1.2. Adults

There were significant differences in the mortality of WFT adults among UV-C doses
over time after exposure (F20,144 = 11.63; p < 0.001). Higher UV-C doses were required
to kill WFT adults than second instars. Adult mortality increased significantly over time
(F4,144 = 281.52; p < 0.001). Significant differences in adult mortality among UV-C doses
were observed as early as 1 h after exposure and remained significant at each observation
time up to 120 h (F5,36 = 3.27; p ≤ 0.016). One hour after UV-C exposure, the highest dose
(5.2 J/cm2) caused significantly greater mortality than the control (p = 0.012). After 72 h,
the three highest doses (3.5, 4.4, and 5.2 J/cm2) had significantly greater adult mortality
compared to the control (p < 0.001). It was not until 120 h after exposure that all UV-C
doses showed significantly greater adult mortality compared to the control (p ≤ 0.025).
At the two highest doses, 5.2 and 4.4 J/cm2, 50% of the adults died within 72 and 120 h,
respectively, whereas no other doses achieved 50% mortality over the experimental period
(Figure 4).
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Figure 4. Mean percent (%) mortality of WFT adults at different times up to 120 h after exposure to
UV-C doses of 1.70, 2.58, 3.50, 4.40, and 5.20 J/cm2 (10, 15, 20, 25, and 30 min exposure, respectively).

3.2. Effect of UV-C Exposure on WFT Fecundity and Egg Survival

Results from our efficacy trials indicated that even at the higher UV-C doses, a small
percentage of WFT survived. However, it was found that these surviving WFT laid signifi-
cantly fewer viable eggs than the controls and the total egg laying period was significantly
shorter than that for the controls over time (F15,505 = 7.60; p < 0.001) (Figure 5).

The number of viable eggs, based on successful larval hatch, laid by adult females
after exposure to UV-C radiation was significantly less than from untreated ones. The
average number of eggs that hatched 10 days post-exposure was 13, 14, and 15 per adult for
females treated with 3.5, 2.5, and 1.5 J/cm2, respectively, compared to a mean of 23 hatched
eggs per adult in the controls. Results of these fecundity trials demonstrated that though
around 60% of adults treated with a UV-C dose of 3.5 J/cm2 survived (as shown with the
efficacy trial), they would be expected to have a significantly lower reproductive rate than
untreated ones. Therefore, exposure of females to sublethal doses of UV-C resulted in fewer
larvae, either because of reduced egg laying or laying of non-viable eggs.

Significantly fewer eggs hatched from bean leaf tissue exposed to various UV-C doses
compared to the untreated controls, whether treatments were applied to the upper or
lower leaf surface (treatment location: leaf upper side (F4,45 = 52.89; p < 0.001); underside
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(F4,45 = 165.41; p < 0.001)) (Figure 6). Based on the relative number of eggs that hatched
from untreated green bean leaves, a reduction of 67, 86, 95, and 98% in hatch was observed
after the upper side of leaves were exposed to 0.5, 1.5, 2.5, and 3.5 J/cm2, respectively. The
hatch rate was considerably lower when the undersides of leaves were exposed to the UV-C
treatments (98, 99, 100, and 100% less, respectively). For the trials with marigolds, no WFT
larvae were observed in Petri dishes that contained marigold leaves treated with UV-C
doses of 1.5, 2.5, and 3.5 J/cm2, whether exposure was directed at the upper or undersides
of the leaves. However, in the controls, an average of 25 and 30 eggs hatched from the
upper and undersides of the leaves, respectively.
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Figure 5. Mean number of viable WFT eggs (±SE) (based on larval hatch) per adult at 5–10 days
after exposure to one of three doses of UV-C (1.5, 2.5, and 3.5 J/cm2 (8, 15, and 22 min exposure,
respectively)) and an untreated control. Bars with the same lowercase letters within a dose indicate
no significant differences among treatments. The same uppercase letters indicate no significant
differences among UV-C treatments (Tukey’s HSD; p < 0.05).
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Figure 6. Mean number (±SE) of viable WFT eggs, based on larval hatch: (a) 7 days after the
underside of the bean leaf was exposed to one of four doses of UV-C (0.5, 1.5, 2.5, and 3.5 J/cm2

(2.9, 8, 15, and 22 min exposure, respectively)) and an untreated control, (b) 7 days after the upper
side of the bean leaf was exposed to one of four doses of UV-C (0.5, 1.5, 2.5, and 3.5 J/cm2 (2.9, 8, 15,
and 22 min exposure, respectively)) and an untreated control. Bars with differing lowercase letters
indicate significant differences among treatments within a graph (Tukey’s HSD; p < 0.05).
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3.3. Effect of UV-C Exposure on Plants

The non-flowering and flowering stages of the three ornamental plants tested, Portu-
laca, African marigold, and Calibrachoa, exhibited a variety of signs and levels of damage that
differed significantly among plant types and dose over time (non-flowering: F72,810 = 6.68,
p < 0.001; flowering: F32,360 = 20.98, p < 0.001). In non-flowering Calibrachoa and African
marigold, leaves curled and yellowed and appeared abnormally small 3 days after exposure.
Portulaca was considerably more susceptible to UV-C exposure, with many leaves curling
and dropping off within 24 h of treatment at 2.5 and 3.5 J/cm2. After 10 days, the Calibra-
choa and African marigold plants outgrew much of the damage in all but the highest dose,
3.5 J/cm2. However, damage remained visible on Portulaca even after 10 days (Table 1). In
the flowering stage, African marigold was the most resistant, exhibiting no visible damage
after exposure to all UV-C doses. Flowers of Calibrachoa and Portulaca were susceptible to
UV-C doses of 2.5 and 3.5 J/cm2. A few petals on the flowers of these plants changed color
within 3 days after treatment, but most recovered after 30 days (Table 2). Unlike Portulaca,
the flowering Calibrachoa only showed minor damage from UV-C exposure, and within
14 days of treatment they had refoliated, appeared normal, and were of saleable quality.

Table 1. Mean damage rating 1 on African marigold, Calibrachoa, and Portulaca plants in the non-
flowering stage for up to 10 days after exposure to one of four doses of UV-C (0.5, 1.5, 2.5, and
3.5 J/cm2 (2.9, 8, 15, and 22 min exposure, respectively)) and an untreated control.

Plant
Type

Dose
(J/cm2)

Days after Treatment

1 2 3 4 5 6 7 8 9 10

African Control 0 0 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
marigold 0.5 0 0 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a

1.5 0 0 0.6 ± 0.2 a 0.6 ± 0.2 a 0.6 ± 0.2 a 0.6 ± 0.2 a 0.6 ± 0.3 a 0.3 ± 0.2 a 0.2 ±0.2 a 0.2 ± 0.2 a
2.5 0 0 1.9 ± 0.5 b 1.9 ± 0.5 b 2.1 ± 0.5 b 2.1 ± 0.5 b 2.1 ± 0.5 b 1.9 ± 0.4 b 1.8 ± 0.4 b 1.8 ± 0.4 b
3.5 0 0 3.1 ± 0.5 c 3.1 ± 0.5 c 3.2 ± 0.5 c 3.2 ± 0.5 c 3.2 ± 0.5 c 2.6 ± 0.5 b 2.4 ± 0.5 b 2.4 ± 0.5 b

F4,30 - - 43.97 43.97 41.57 41.59 41.58 40.82 37.86 37.86
p - - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Calibrachoa Control 0 0 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
0.5 0 0 0.3 ± 0.3 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
1.5 0 0 1.4 ± 0.5 b 1.4 ± 0.5 b 1.4 ± 0.5 b 1.4 ± 0.5 b 1.4 ± 0.5 b 0.4 ± 0.3 a 1.3 ± 0.4 b 1.3 ± 0.4 b
2.5 0 0 3.4 ± 0.2 c 3.4 ± 0.2 c 3.6 ± 0.2 c 3.6 ± 0.2 c 3.4 ± 0.2 c 1.9 ± 0.3 b 2.7 ± 0.5 c 2.7 ± 0.5 c
3.5 0 0 4.1 ± 0.2 c 4.1 ± 0.2 d 4.3 ± 0.2 d 4.3 ± 0.2 d 4.3 ± 0.2 d 3.3 ± 0.4 c 2.1 ± 0.6 c 2.1 ± 0.6 c

F4,30 - - 72.16 148.35 203.56 203.56 176.83 122.29 41.75 41.75
p - - <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Portulaca Control 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a
0.5 1.7 ± 0.3 b 1.7 ± 0.3 b 1.7 ± 0.3 b 1.7 ± 0.3 b 3.2 ± 0.2 b 3.2 ± 0.2 b 3.2 ± 0.2 b 2.9 ± 0.1 b 2.9 ± 0.1 b 2.0 ± 0.1 b
1.5 4.4 ± 0.2 c 4.4 ± 0.2 c 4.8 ± 0.1 c 4.8 ± 0.1 c 4.8 ± 0.1 c 4.8 ± 0.1 c 4.8 ± 0.1 c 4.0±0.3 c 4.0 ± 0.3 c 4.0 ± 0.3 c
2.5 5.0 ± 0.0 d 5.0 ± 0.0 d 4.4 ± 0.6 c 5.0 ± 0.0 d 5.0 ± 0.0 c 4.8 ± 0.2 c 5.0 ± 0.0 c 4.8 ± 0.1 d 5.0 ± 0.0 d 5.0 ± 0.0 d
3.5 5.0 ± 0.0 d 5.0 ± 0.0 d 5.0 ± 0.0 c 5.0 ± 0.0 d 5.0 ± 0.0 c 5.0 ± 0.0 c 5.0 ± 0.0 c 5.0 ± 0.0 d 5.0 ± 0.0 d 5.0 ± 0.0 d

F4,30 2087.50 2087.50 77.37 2179.00 932.00 300.83 932.00 841.25 1751.50 1751.50
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

1 Damage scale rating the percentage of leaf area displaying a combination of defoliation, discoloration and leaf
curling: 0 (no damage); 1 (<10%); 2 (10–25%); 3: (26–50%) 4 (51–75%); 5: (>75%). Different lowercase letters among
treatments within each plant type and day after exposure indicate significant differences (Tukey’s HSD; p < 0.05).
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Table 2. Mean damage rating 1 on African marigold, Calibrachoa, and Portulaca plants in the flowering
stage for up to 30 days after exposure to one of four doses of UV-C (0.5, 1.5, 2.5, and 3.5 J/cm2 (2.9, 8,
15, and 22 min exposure, respectively)) and untreated controls.

Plant Type Dose
(J/cm2)

Days after Treatment

1 3 7 14 30

African Control 0 0 0 0 0
marigold 0.5 0 0 0 0 0

1.5 0 0 0 0 0
2.5 0 0 0 0 0
3.5 0 0 0 0 0

F4,30 - - - - -
p - - - - -

Calibrachoa Control 0 0 a 0 a 0 a 0
0.5 0 0 a 0 a 0 a 0
1.5 0 0 a 0.8 + 0.2 b 0.4 + 0.2 a 0
2.5 0 0.8 + 0.2 b 3.6 + 0.2 c 2.0 + 0.2 b 0
3.5 0 3.3 + 1.7 c 3.0 + 0.2 c 1.9 + 0.2 b 0

F4,30 - 168.80 129.28 31.23 -
p - <0.001 <0.001 <0.001 -

Portulaca Control 0 0 a 0 a 0 a 0 a
0.5 0 0 a 0 a 0 a 0 a
1.5 0 0 a 0 a 0 a 0 a
2.5 0 0.9 + 0.2 b 1.8 + 0.2 b 0.4 + 0.2 a 0 a
3.5 0 3.4 + 0.2 c 2.8 + 0.3 c 1.9 + 0.3 b 0.7 + 0.2 b

F4,30 - 100.11 48.64 30.11 18.00
p - <0.001 <0.001 <0.001 <0.001

1 Damage scale rating the percentage of leaf area displaying a combination of defoliation, discoloration and leaf
curling: 0 (no damage); 1 (<10%); 2 (10–25%); 3: (26–50%) 4 (51–75%); 5: (>75%). Different lowercase letters among
treatments within each plant type and day after exposure indicate significant differences (Tukey’s HSD; p < 0.05).

4. Discussion

The efficacy trial results showed WFT mortality was dependent on UV-C dose and life
stage with higher doses causing greater WFT mortality in a shorter time period for both
larvae and adults. Higher doses were required to kill WFT adults than larvae, and larvae
died more rapidly than adults after exposure. Rapid knockdown of WFT is advantageous
for growers because it prevents further feeding damage and reduces virus transmission.
Several aspects of WFT biology may influence susceptibility of WFT to UV-C radiation.
Adults have a thicker exoskeleton than the more soft-bodied immatures. This exoskeleton
layer may protect them from damage and confer resistance. The molecular mechanisms of
the insect exoskeleton in adaptation to environmental factors such as UV radiation stress has
been investigated in several insect groups, but not thrips [32–34]. In the aphid Macrosiphum
euphorbiae, some exoskeletal proteins were induced in response to a combination of high
temperatures and UV-B exposure [33].

Other researchers have tested the effect of UV-C exposure on thrips and other pests.
Montemayor et al. [18] reported that low doses of UV-C (200 and 350 J/m2) applied to
field-grown strawberries had little to no effect on WFT or Scirtothrips dorsalis compared
with untreated controls. However, the UV-C dose used in that study was considerably less
than those we tested. Results from our efficacy trials indicated that UV-C exposure killed
over 50% of adults and larvae at the higher doses tested, though a percentage of them
survived. These results demonstrate the importance of establishing the effective UV-C dose
required to cause mortality before testing under field conditions. Leskey et al. [22] tested
UV-C exposure against all life stages of the greenhouse whitefly, Trialeurodes vaporariorum,
and observed significantly lower pest numbers on tomatoes treated nightly with UV-C
compared to unexposed plants. The UV-C dose used in that study was considerably lower
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than what we used. The efficacy might have been explained by the repeated treatments over
the 6 week trial period. In a similar study, the exposure of T. vaporariorum adults to UV-C
for 12 min resulted in >90% mortality after 48 h (irradiation intensity not reported) [35].
However, in our study, the highest mortality rate for adults reached 78% within 120 h
when exposed to UV-C for 30 min (dose: 5.20 J/cm2). Additionally, for WFT larvae, the
mortality rate was 100% within 120 h when exposed to UV-C for 6 min (dose: 0.98 J/cm2).
The conflicting results between studies show that the effects of UV-C exposure vary among
arthropod species, doses applied, and frequency of exposures. These variations must be
factored in when considering the full potential of UV-C as part of an IPM program that
targets multiple pests and diseases.

Our results indicate that UV-C radiation had a significant impact on laying of viable
eggs and hatch of larval WFT in vitro and has the potential to reduce population density.
The number of larvae from eggs that hatched from females exposed to UV-C was 40%
lower in those subjected to the highest dose (3.5 J/cm2) compared to untreated ones. This
secondary effect from UV-C exposure offers additional management benefits by reducing
the reproductive potential of adults that survive or escape the full impact of exposure.
Our findings aligned with a study by Tuncbilek et al. [36] in which exposure to UV-C
caused a gradual decrease in the number of hatched eggs laid by Trichogramma euproctidis,
a parasitoid of several lepidopteran pests. Adult emergence also decreased as radiation
exposure increased. In a similar study, exposure to UV-B and UV-C radiation decreased
oriental fruit fly, Bactrocera dorsalis, egg laying by 36% and 55%, respectively [37]. These
findings suggest that UV-C exposure could be a suitable treatment for leaf miners and other
pests that hide within the leaf tissue. The hatchability of eggs exposed to UV radiation
was previously reported in the greenhouse whitefly, Trialeurodes vaporariorum; two-spotted
spider mite, Tetranychus urticae; and Neoseiulus californicus [12,18,22]. These studies suggest
that insect eggs suffer high mortality rates from exposure to UV-C radiation and thus they
support the value of further investigation of UV-C as a potential tool to manage whitefly,
mites, and WFT during their vulnerable life stages.

The detrimental effects of UV radiation to plant tissue are well known and must be
factored in when developing UV-C to manage WFT. Typically, the impact of UV-C radiation
on plants varies, including stress-associated damage, secondary metabolite production,
as well as growth and flowering responses. UV-C irradiation has the potential to damage
or kill plants, with the critical factors being the duration and frequency of exposure. In
one study, African marigolds and pansies exposed to UV-C for 60 min weekly (irradiation
intensity and UV-C dose not reported) for up to 8 weeks suffered complete burning [38].
However, a suitable weekly dose, as brief as 15 min, enhanced branching and increased the
number of flowers, although the timing of flowering varied based on the plant species [38].
UV radiation can also influence the quality of plant tissue for herbivores through factors
such as changes in leaf chemistry or reinforcement of the plant cell wall [23,39]. Ultraviolet
radiation can induce the production of phenolic compounds in several plant species,
which negatively affect herbivorous arthropods. Recent evidence has demonstrated that
UV light can augment key and inducible defense-related hormones in plants that also
impact arthropod pests. These responses are highly plant genotype and UV light dose
dependent [26,40–42].

Western flower thrips is a major pest of greenhouse ornamentals, and crop plants
in this industry are sold for their beauty and thus should be without blemishes, either
from pests or treatments against pests. For this reason, trials were conducted on potential
phytotoxic effects of UV-C on three popular ornamental plant species (Portulaca, African
marigold, and Calibrachoa). Both plants in the non-flowering and flowering stage were
tested as these are two different floriculture production phases and plant tissues may be
differentially sensitive depending on their maturity. In addition, the plants also may have
different capacity for recovery depending on their age. As expected, the effect of UV-C
exposure varied among plant types and age. Though some of the plants tested exhibited
damage following exposure to the selected UV-C doses, in most cases, damage was minimal,
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and most recovered fully. In general, UV-C doses that killed >80% of WFT immatures
caused little or no damage to the plants, or the plants recovered within 14 days. Most plants
exposed to doses that killed WFT adults recovered from damage within 30 days. Studies
are needed to assess the effect of UV-C on whole plants to better understand the practical
application of UV-C in commercial settings.

5. Conclusions

The results reported herein show UV-C offers promise as a strategy that could be
tested as part of a comprehensive WFT IPM program in the future. At some doses, UV-C
exposure showed increased mortality of WFT adults or larvae, with minimal phytotoxic
effects. A relationship between UV-C dose and WFT mortality was observed, with lethal
impacts on adults, larvae, and eggs increasing as UV-C dose increased. Adults exhibited
less susceptibility to UV-C irradiation than larvae and eggs, and it took them longer to die
after exposure than larvae. However, sublethal doses of UV-C effectively reduced females’
fecundity, leading to a reduction in WFT populations over time.

Introducing UV-C as a treatment against WFT on living plants and exploring its poten-
tial to induce plant defense mechanisms introduces a new element for IPM. Further research
is needed to assess potential impacts of UV-C on WFT physiology and other components of
WFT IPM. Additionally, investigations into plant responses to UV-C, including induced de-
fense mechanisms and accumulation of UV-C-induced phenolic compounds, are crucial for
a comprehensive understanding of the interactions between UV-C and WFT. Based on the
promising results of using UV-C against WFT reported herein, further research is needed to
refine its use under controlled greenhouse conditions to elucidate the effectiveness of UV
irradiation against WFT over time and its compatibility with biological control (beneficial
insects, biopesticides, etc.) and other IPM practices.
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