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Abstract
Ultraviolet (UV) radiation that reaches the earth surface has increased substantially in the past decades, altering insect–plant 
interactions by directly affecting herbivores behavior or indirectly by modifying plant chemistry and morphogenesis. We 
evaluated the indirect effect of supplementary UV radiation under glasshouse conditions on Bemisia tabaci settlement, 
eggplant (Solanum melongena L.) production and its effects on the flight activity of Nesidiocoris tenuis and Sphaerophoria 
rueppellii. Eggplants were daily radiated with different supplemental UV treatments, A +/B +, A −/B + or A −/B −, during 
30, 60 or 90 min for 21 days. The whitefly settlement was assessed immediately after the UV treatments or after 18 extra 
days on plants kept under regular glasshouse conditions with no further supplemental UV radiation. The number of white-
fly settled on plants was counted after 2, 6, 24 and 48 h. Supplementary UV radiation reduced whitefly settlement for all 
exposure times with alterations on the morphology and increased nitrogen and amino acid content of eggplants, mainly after 
90 min of UV radiation exposition. When plants were allowed to recover under regular light conditions, growth traits were 
similar, and whiteflies showed no preference. Fruit parameters were not negatively altered by supplementary UV radiation. 
Natural enemy captures per sticky trap were more abundant under A −/B + and A +/B + conditions; however, indirect host 
preference tests indicated no differences among treatments. In conclusion, supplementary UV radiation could be used to 
reduce whitefly infestation in glasshouses at the early stages of plant development without detrimental effects on crop yield 
or beneficial orientation.
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Key message

• Supplemental UV radiation provokes whitefly exclusion 
on eggplants (BBCH 16) radiated for 30, 60 or 90 min 
daily for 21 days.

• This effect is transient over time, and no whitefly exclu-
sion could be noticed on eggplants (BBCH 21) after 
18 days of no supplemental UV radiation.

• Fruit production was not altered by radiation.
• UV radiation could be an effective strategy to control 

whiteflies on glasshouses as it does not have any unfa-
vorable effect on the activity of natural enemies under 
study.
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Introduction

Importance of ultraviolet (UV) radiation studies increased 
with the depletion of the ozone layer, which enhances the 
percentage of ultraviolet radiation that reaches the Earth’s 
surface (Solomon 1999), a depletion that was thought to 
continue at least into the next mid-century. However, later 
predictions and protocols suggest that the ozone layer will be 
returning to 1980 values in the 2060s (Dhomse et al. 2018; 
McKenzie et al. 2007; World Meteorological Organization 
et al. 2018). Ultraviolet light is divided into three differ-
ent wavelengths ranges, ultraviolet A (UV-A, 315–400 nm), 
ultraviolet B (UV-B, 280–315 nm) and ultraviolet C (UV-
C, 10–280 nm), which have distinct effects on plants and 
arthropods (Enciso et al. 2018; Johansen et al. 2011; Short 
et al. 2018; Vänninen et al. 2010), although UV-C radiation 
(lower than 290 nm) does not reach at the earth’s surface 
due to the ozone layer (Dwivedi et al. 2018). Knowledge 
of the impact that UV-A has on plant growth and chem-
istry has been loosely studied over the years. UV-A expo-
sure enhanced the thickness of the palisade parenchyma 
and abaxial epidermis, epidermis thickness, cell length and 
induced stress routes (Johansen et al. 2011; Tezuka et al. 
1994; Vänninen et al. 2010; Verdaguer et al. 2017). How-
ever, the majority of studies have focused on UV-B, which 
is known to inhibit photosynthetic activity, promote leaf 
thickening and negatively affect leaf area mainly in the epi-
dermis of the adaxial side of the leaf (Jansen 2002). Moreo-
ver, UV-B radiation promotes changes in the mesophyll in 
order to protect the photosynthetic mechanisms, as well as 
activates the stress routes and therefore the accumulation 
of plant defense-related secondary metabolites (Almeida 
et al. 2013; González et al. 2009; Jansen 2002; Jayakumar 
et al. 2003; Neugart and Schreiner 2018; Paul et al. 2012; 
Rozema et al. 1997). This defense has been associated with 
increased accumulation of anti-nutritive defensive proteins, 
thus indirectly reducing the palatability of plants for insects 
(Izaguirre et al. 2007; Demukra et al. 2010; Mewis et al. 
2012). Photomorphogenesis plant responses to UV-B reduce 
the ability of arthropods to effectively feed or reproduce 
(Almeida et al. 2013; Vänninen et al. 2010).

UV radiation is also known to play a major role in arthro-
pod behavior, having a direct impact, modifying their migra-
tion patterns, take off and host plant finding ability, settle-
ment, feeding behavior or their life cycle (Ben-Yakir and 
Fereres 2016; Johansen et al. 2011; Raviv and Antignus 
2004). The interaction of UV-A with hemipterans and their 
host plants has been studied by Dáder et al. (2014). Further 
information on UV-arthropod interactions is available for 
pollinators (Foster et al. 2014) or mites (Onzo et al. 2010).

Successful Integrated Pest Management (IPM) systems 
on protected crops use a wide variety of control measures 

including physical tactics such as the use of exclusion 
nets or UV-blocking films (Antignus et al. 1998; Dáder 
et al. 2014, 2015; Díaz and Fereres 2007; Legarrea et al. 
2012a, b). However, UV radiation manipulation to opti-
mize plant growth and pest exclusion should not interfere 
with other strategies such as biocontrol agents frequently 
used inside the protected crop. Vision studies on hyme-
nopterans suggest spectral efficiency at 520 nm, and in 
the UV region (Mellor et al. 1997), photoreceptors shared 
with hemipteran crop pests such as aphids and whiteflies 
(Coombe 1982; Kirchner et al. 2005; Mound 1962). Aphid 
and whitefly parasitoids are attracted to high UV radiation, 
but they can perform well in UV-filtered environments 
(Chiel et al. 2006; Chyzik et al. 2003; Dáder et al. 2015; 
Doukas and Payne 2007; Legarrea et al. 2014). However, 
there is not a large body of literature on the direct effect of 
UV-B on predators (Legarrea et al. 2012b), but Dáder et al. 
(2015) found compatibility of deficient-UV conditions 
with foraging success of Sphareophoria rueppellii Wei-
demann (Diptera: Syrphidae), a natural enemy of aphids, 
psyllids and whiteflies, implying that predators might use 
additional cues to find their hosts. No data on the effects 
of UV radiation are available for the mirid Nesidiocoris 
tenuis Reuter (Hemiptera: Miridae), a zoophytophagous 
predator also feeding on whiteflies, and further knowl-
edge is needed in this area. As a whole, natural enemies 
that rely solely or most on their vision to find a host may 
see their activity disturbed or compromised under low-UV 
radiation environments.

In the last 30 years, Bemisia tabaci Gennadius (Hemip-
tera: Aleyrodidae) has become the most important crop 
pest in the Easter Mediterranean region, mainly in green-
house production systems (Oliveira et al. 2001). Whitefly 
importance as a pest arises from its ability to induce direct 
damage from feeding, but also indirectly as vectors for 
plant viruses (Matthews et al. 2002) and by producing hon-
eydew, the perfect growing medium for the black mildew 
(Oliveira et al. 2001). Chemical control against whiteflies 
encounters several problems: whiteflies low sensibility 
to the commonly used pesticides, their rapid generation 
of resistance and the presence of different development 
stages within the same plant as well as the migration to the 
neighbor crop. Therefore, there is a need of implement-
ing new control strategies and the use of UV light seems 
promising.

In the present study, we investigated the application of 
different time exposures and combinations of supplementary 
UV-A and UV-B radiation on eggplant Solanum melongena 
L. as a method to deter whitefly settlement. Furthermore, 
we assessed plant morphological and chemical changes due 
to supplemental UV radiation on the settlement of B. tabaci 
as well as its impact on the activity of natural enemies S. 
rueppellii and N. tenuis.
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Materials and methods

Plant material and insect species

Experiments were conducted at the Institute of Agricul-
tural Sciences of the Spanish National Research Council 
(ICA-CSIC, Madrid, Spain) (40°26′23″N, 3°41′14″W) 
under glasshouse conditions (24:18 ± 2 °C day/night tem-
perature; 14:10-h light/dark photoperiod; 60–70% RH) 
from spring 2016 to summer 2017. Glasshouse dimensions 
were 6.4 × 6 × 4.5 m (L × W × H), and light transmission 
properties of outer surface were average 50% PAR, 15% 
UV-A and 10% UV-B. Seeds of eggplant (S.. melongena 
L. cv Black Beauty) (Ramiro Arnedo SA, La Rioja, Spain) 
were sown in Petri dishes and then transplanted individu-
ally into pots according to growth with a 1:2 mixture of 
vermiculite (Asfaltex S.A., Barcelona, Spain) and soil 
substrate (GoV4, Jiffy International, AS, Norway). Each 
plant was watered using 20-20-20 (N-P-K) Nutrichem fer-
tilizer (Miller Chemical & Fertilizer Corp., Pennsylvania, 
USA) at a dose of 1 g l−1. Bemisia tabaci biotype Q was 
kindly provided by Prof. Dr. Enrique Moriones (IHSM-La 
Mayora-CSIC, Málaga, Spain) in 2007. The population 
was reared on eggplants in a glasshouse under the con-
ditions stated above. Whiteflies were synchronized prior 
the bioassay to guarantee age homogeneity at the time of 
the experiment (approximately 1 week old). Syrphid S. 
rueppellii pupae (BioNostrum SL, Alicante, Spain) were 
kept under controlled conditions (20  °C temperature; 
75 ± 5% RH, 16:8-h light/dark photoperiod) until adult 
emergence and then fed with water, pollen and sugar for 
4 days when individuals were used in the experiments. 
Mirid N. tenuis nymphs (Agrobio SL, Almería, Spain) 
were kept 1 week under controlled conditions (25 ± 2 °C 
temperature; 75 ± 5% RH, 16:8-h light/dark photoperiod) 
until adult emergence, and 72-h-old individuals were used 
in the experiments.

UV radiation treatments

Three different combinations of UV-A and UV-B radia-
tions were tested: A +/B +, A −/B + and A −/B − (control). 
UV-A radiation was supplied by fluorescent tubes Philips 
TL-K 40 W/10-R and UV-B radiation by fluorescent tubes 
Philips TL 40 W/12 RS (Royal Philips Electronics, Amster-
dam, The Netherlands). The three radiations treatments 
were obtained by covering the tubes with filters to block 
specific wavelengths. UV-A tubes were wrapped with high-
density polyethylene (HDPE) 0.2 mm thickness film (Sol-
plast SA, Murcia, Spain) cutting off wavelengths < 400 nm 
to obtain A − treatment, while A + treatment was obtained 
with unwrapped UV-A tubes. UV-B tubes were covered 
with stabilized polyester film Autostat CT14 0.1 mm thick-
ness (MacDermid Autotype Ltd., Wantage, UK) cutting off 
wavelengths < 320 nm to obtain B-treatment. UV-B tubes 
were covered with cellulose diacetate film Ultraphan 0.1 mm 
thickness (Modulor GmbH, Berlin, Germany) cutting off 
wavelengths < 295 nm (UV-C radiation) to obtain B + treat-
ment. Fluorescent tubes (4 tubes of UV-A and 2 of UV-B) 
were mounted on metallic frames hanging 1 m above plant 
canopy. Filters were replaced every week. During UV light 
treatments, high-pressure sodium-vapor PAR lamps Philips 
SON-T 400 W E E40 1SL/12 (Royal Philips Electronics, 
Amsterdam, The Netherlands) hanging 1 m above plant 
canopy were also turned on.

Eggplant exposure to UV treatments

Eggplants were located inside a set of three cages of 
1 × 1 × 1 m (L × H × W) covered with a 95-μm Nytal fine 
cloth (Maissa SA, Barcelona, Spain) to allow ventilation. 
Above each cage, one of the corresponding UV treatments 
(A +/B +, A −/B + or A −/B −) were applied for 21 days 
on 21-day-old eggplants (BBCH 11) (Acosta-Quezada 
et al. 2016) with exposure times of either 30, 60 or 90 min 
daily (Fig. 1). Tubes were suspended at 30 cm high above 

Fig. 1  Timeline of the experi-
mental design, showing the two 
different settlement assays and 
fruit harvests



1060 Journal of Pest Science (2019) 92:1057–1070

1 3

cages and switched on and off with no gradual transition. A 
piece of UV-blocking polyethylene film was placed verti-
cally separating the cages to filter the UV radiation com-
ing from nearby lamps and to avoid interferences between 
treatments. Plants were rotated inside the cage as well as 
the cages within the glasshouse to avoid positional effects. 
After UV exposure, eggplants were either readily used for 
experiments (42-day-old plants, BBCH 16) or kept under 
regular glasshouse light conditions for 18 more days without 
supplemental UV treatment before experiments (60-day-old 
plants, BBCH 21) (Fig. 1). Irradiance received by the plants 
was measured punctually twice a week at solar zenith at 
canopy level with an ALMEMO 25904S radiometer (Ahl-
born GmbH, Holzkirchen, Germany) for UV spectrum and a 
MQ-100 quantum integral sensor (Apogee Instruments Inc., 
Utah, USA) for PAR light (Table 1).

Bemisia tabaci indirect effect experiments

Eggplants from each of the three UV radiation treatments 
described above, A +/B +, A −/B + or A −/B −, were alter-
nately placed forming an equidistant circle inside mesh 
cages of 1 × 1 × 1 m (L × H × W). Two hundred B. tabaci 
adults were released in black glass tubes placed on a flight 
platform centered hanging 25 cm from the ceiling inside 
the cages without artificial light. Whiteflies settled on egg-
plants were counted after 2, 6, 24 and 48 h. Whiteflies set-
tled on the abaxial side of leaves were counted with a mir-
ror not to disturb the insects. To minimize bias from the 
sunlight, whiteflies were released at zenith hour and cages 
were rotated after each counting. Two types of assays with 
eggplants of different age were performed: (1) 42-day-old 
plants (BBCH 16) radiated according to treatments A +/B +, 
A −/B + or A −/B − during 30, 60 or 90 min daily for 21 days 
and used right after UV exposure ended (induced effect), 
as well as (2) 60-day-old plants (BBCH 21) radiated for 
30 or 60 min daily during 21 days and kept for 18 more 

days under regular glasshouse light conditions until white-
fly release (maintenance effect) (Fig. 1). The reason behind 
leaving a period between supplemental UV exposure and 
whitefly release was to study the persistence of the UV effect 
on plants once flowers start appearing, and there is a shift in 
resource allocation and decreased risk to virus damage. Each 
treatment and exposure time was replicated six times (six 
cages). The number of plants per treatment for the assay with 
42-day-old eggplants (BBCH 16) was 3 (total number of 
plants per cage, 9) and for the assay with 60-day-old plants 
(BBCH 21) was 2 (total number of plants per cage, 6). The 
number of plants per cage was reduced when plants were 
larger to avoid competition for light.

Plant processing after whitefly assays

Forty-eight hours after whitefly release, infested plants 
were processed and leaves were separated from the stem. 
Stem length was measured and leaves counted (42-day-
old (BBCH 16, induced effect): n = 18; 60-day-old (BBCH 
21; maintenance effect): n = 12). After each plant part was 
weighed, some samples were dried at 60 °C to measure dry 
weight (42-day-old (BBCH 16): n = 6, 60-day-old (BBCH 
21): n = 6) and the rest were maintained at -80 °C for fur-
ther analyses. For 42-day-old plants (BBCH 16), the area 
of the fifth leaf was measured (n = 7). In order to be able to 
calculate specific leaf area (SLA), leaf dry matter content 
(LDMC) and leaf thickness (LF) [calculated using the for-
mulas described in Vile et al. (2005) (n = 12)], for 60-day-
old plants (BBCH 21), all the leaves in the plant were meas-
ured; all areas were calculated using ImageJ (n = 12).

Fruit harvesting experiment

Eggplants from each radiation treatment supplemented 
during 30 or 60 min daily for 21 days never exposed to 
whiteflies were allowed to grow for 88 extra days after UV 

Table 1  Mean ± SE instantaneous irradiance measured at canopy level inside the experimental cages during the radiation of eggplants with 
lights on and off throughout the duration of the experiments, glasshouse without any artificial light and outdoors of the glasshouse

Inside experimental cages

Lights on Lights off

UV-A  Wm−2 UV-B  Wm−2 PAR μmol m−2  s−1 UV-A  Wm−2 UV-B  Wm−2 PAR μmol m−2  s−1

Treatment A −/B − 0.56 ± 0.05 0.009 ± 0.000 175.17 ± 7.65 0.42 ± 0.07 0.005 ± 0.000 58.30 ± 9.67
Treatment A −/B + 0.61 ± 0.06 0.120 ± 0.007 179.42 ± 9.81 0.48 ± 0.09 0.004 ± 0.000 61.75 ± 12.39
Treatment A +/B + 1.38 ± 0.07 0.130 ± 0.008 181.03 ± 8.91 0.51 ± 0.08 0.004 ± 0.000 63.70 ± 9.53

Outside experimental cages

UV-A  Wm−2 UV-B  Wm−2 PAR μmol m−2  s−1

Glasshouse 1.55 ± 0.18 0.011 ± 0.001 163.89 ± 20.94
Outdoors 34.45 ± 2.77 0.735 ± 0.015 1371.46 ± 27.68
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exposure under regular glasshouse light conditions (Fig. 1). 
Stem length, number of leaves and flowers, leaf area and 
fresh weight were analyzed (n = 10). The first harvest 
occurred 100 days after sowing, and from then we harvested 
regularly according to fruit growth. Length, diameter and 
fresh weight of commercial fruits (heavier than 100 grams) 
were measured. Harvest index used to quantify the yield 
of a crop species versus the total amount of biomass that 
has been produced was calculated by dividing total fresh 
weight of commercial fruits per plant by plant shoot tis-
sue biomass (n = 10). Lastly, dry weight of each plant was 
measured (n = 10).

Direct flight experiments with natural enemies

With the aim to test whether flight height of beneficial 
arthropods was influenced by UV radiation, we placed 
one sticky yellow trap (80 × 25 cm) vertically inside each 
mesh cage of 1 × 1 × 1 m (L × H × W), at 10 cm high from 
the base and separated 6 cm from the side wall. This trap 
was marked each 10 cm from 10 to 90 cm height and used 
alone for S. rueppellii. In the case of N. tenuis, one green 
bean with Ephestia kuehniella Zeller (Lepidoptera: Pyrali-
dae) eggs (Agrobio SL, Almería, Spain) used as attractant 
was attached horizontally each 10 cm height of the trap. 
Ten S. rueppellii or fifty N. tenuis adults were released in 
a black plastic cage placed on a flight platform at 30.5 cm 
high from the base of the cage. This platform was located at 
10 cm from the opposite wall to the sticky trap to maximize 
distance to target (84 cm). A set of three mesh cages were 
used, each one under one of the three radiation treatments, 
A +/B +, A −/B + or A −/B −, during the whole duration 
of each experiment. Syrphids were counted after 1, 2 and 
3 h (n = 10) and mirids after 2, 6 and 8 h (n = 6), taking 
into account the height of each capture. To minimize bias 
from the sunlight, treatment position was randomized each 
experiment.

Nesidiocoris tenuis indirect effect experiments

Three-week-old eggplants radiated for 60 min daily during 
21 days with either one of the three UV radiation treatments, 
A +/B +, A −/B + or A −/B −, were alternately placed form-
ing an equidistant circle inside mesh cages of 1 × 1 × 1 m 
(L × H × W). Fifty N. tenuis adults were released in a black 
plastic cage placed on a flight platform centered at 30.5 cm 
high from the base of the cage without any artificial light. 
Mirids settled on eggplants were counted after 2, 24 and 
48 h. For each exposure time, the experiment was replicated 
six times (six cages). The number of plants per treatment 
was 3 (total number of plants per cage, 9).

Plant biochemical analysis of eggplant leaves

To analyze carbon, nitrogen as well as macro- and microele-
ments, air-dried leaves (60 °C) of plants used for the white-
fly orientation assays were grounded and prepared for the 
analyses (n = 6). Total C and N content were measured by 
Dumas direct combustion method using an elemental ana-
lyzer (LECO). Soluble sugars and free amino acids were 
obtained following the extraction, manipulation and mass 
spectrometric analysis of samples from an adapted proto-
col detailed on Corrales et al. (2014). Non-detectable com-
pounds may be due to non-existence in the sample. However, 
this could also be due to poor samples quality to be quanti-
fied by mass spectrometry, missing analysis transition or 
interferences on the analysis.

Statistical analysis

Statistical analyses were performed with the IBM Statis-
tics SPSS v.23.0 package for Mac (IBM Co., New York, 
USA). Numbers of B. tabaci settled were analyzed by 
GLM repeated measures (SPSS) with HDS Tukey post hoc 
(p ≤ 0.05) to study the main effects: UV light treatment and 
time. A repeated factor, within-subject factor (dependent 
variable, time), and a main fixed factor, between-subject fac-
tor (UV light treatment), were defined in the model. Fresh 
and dry weights, morphologic parameters, carbon and nitro-
gen contents, soluble carbohydrates and free amino acids of 
the plants were analyzed by one-way ANOVA for normal 
and homoscedastic data with post hoc HDS Tukey or by 
nonparametric Wilcoxon test and Kruskal–Wallis H analy-
sis for non-normal or heteroscedastic data comparison with 
post hoc Steel–Dwass (p < 0.05). Direct and indirect effects 
experiments with natural enemies N. tenuis and S. rueppellii 
were analyzed by one-way ANOVA with repeated meas-
ures followed by LSD (p < 0.05). Additionally, data were 
also analyzed taking into account capture height. If data 
did not follow a normal distribution, they were transformed 
with arcsin√(x/100), in order to decrease heteroscedastic-
ity. Nonparametric Wilcoxon and Kruskal–Wallis H test or 
Mann–Whitney U test was used when data did not follow 
criteria for parametric methods. Figure 1 is made using Pow-
erPoint and Figs. 2 and 3 using Excel.

Results

Whitefly settlement

Supplementary UV-B triggered a significantly reduction 
in the settlement rate of whiteflies on 42-day-old (BBCH 
16) eggplants (induced effect) radiated during 30, 60 and 
90 min daily for 21 days with no gap between UV exposure 
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and insect release. Treatments A −/B + and A +/B + caused 
a decrease in the number of whiteflies settled on plants 
compared to control plants A −/B − [30 min: F = 9.007, 

df = 2(51), p < 0.001 (Fig.  2a); 60  min: F = 13.823, 
df = 2(51), p < 0.001 (Fig.  2b); 90  min: F = 132.052, 
df = 2(51), p < 0.001 (Fig. 2c)]. With regard to 60-day-old 
(BBCH 21) eggplants (maintenance effect) similarly radi-
ated for 21 days but with a gap of 18 days between UV 
exposure and insect release, no differences were observed 
among daily UV treatments applied for 30 min (F = 0.217, 
df = 2(45), p = 0.806) (Fig. 2d); however, significant dif-
ferences were found between treatments A −/B + and 
A +/B + for 60 min, with a decrease in the number of 
whiteflies on plants radiated with A −/B + compared to 
A +/B + (F = 3.620, df = 2(45), p = 0.038) (Fig. 2e).

Fig. 2  Mean ± SE number of whitefly Bemisia tabaci settled per egg-
plant previously radiated with one of the three UV regimes (A +/B +, 
A −/B + or A −/B −) for 30, 60 or 90  min daily during 21  days in 
the indirect effect experiment. Two plant ages were considered, (1) 
42-day-old plants (BBCH 16; induced effect), radiated for 30 (a), 
60 (b) and 90  min (c) and used right after UV exposure ended for 
the experiment, and (2) 60-day-old plants (BBCH 21; maintenance 
effect), radiated for 30 (d) or 60 min (e). Means with different letters 
are significantly different (p < 0.05)

Fig. 3  Mean ± SE rate (%) of mirid Nesidiocoris tenuis total captures 
per sticky trap (a) and syrphid Sphaerophoria rueppellii total cap-
tures per sticky trap (b) under the three UV light regimes (A +/B +, 
A −/B + or A −/B −) in the direct experiment. Mean ± SE number of 
total N. tenuis (c) settled per eggplant previously radiated with one 
of the three UV light regimes for 60 min daily during 21 days in the 
indirect effect experiment. Means with different letters stand for sta-
tistical differences (p < 0.05)
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Eggplant growth and physiology

Both plant morphology and physiology were modi-
fied by supplementary UV radiation. Shoot tissue fresh 
weight of 42-day-old (BBCH 21) eggplants (induced 
effect) exposed to A −/B + for 30 or 60  min daily sig-
nificantly diminished compared to control A −/B − egg-
plants (30 min: F = 4.078, df = 2(51), p = 0.023; 60 min: 
F = 9.219, df = 2(51), p < 0.001) (Table  2). For 90-min 
exposure time, plants under both supplemental UV treat-
ments (A −/B + and A +/B +) were significantly smaller 
compared to control A −/B − plants (H = 148.8260, df = 2, 
p < 0.001) (Table 2). Shoot tissue dry weight was signifi-
cantly lower on A −/B + and A +/B + plants compared to 
control A −/B − after 60 and 90 min (60 min: F = 4.623, 
df = 2(15), p = 0.027; 90 min: H = 37.5743, df = 2, p < 0.001), 
although no differences were found for 30 min (F = 1.253, 
df = 2(15), p = 0.314) (Table  2). Stem length was sig-
nificantly shorter for A −/B + plants compared to control 
A −/B − for 90 min, while no differences were found for 
30 or 60 min (30 min: F = 0.941, df = 2(51), p = 0.188; 60 
min: F = 1.855, df = 2(51), p = 0.168; 90 min: F = 5.355, 
df = 2(51), p = 0.008) (Table 2). Leaf numbers were simi-
lar for all treatments. Leaf area was significantly higher 
for control A −/B − plants for 90 min (100.97 ± 2.70 cm2 
vs. 11.91 ± 3.16 cm2 for A −/B + and 23.46 ± 5.33 cm2 for 
A +/B +; H = 22.341, df = 2(11), p < 0.001), while no differ-
ences were found for 30 or 60 min.

In 60-day-old (BBCH 21) eggplants (maintenance 
effect), the 30-min exposure did not trigger any significant 

difference for any measured variable (Table 2). On the other 
hand, 60-min daily exposure of treatment A +/B + signifi-
cantly enhanced fresh and dry weight compared to control 
A −/B − (Fresh weight: F = 7.96, df = 2(15), p = 0.002; Dry 
weight: F = 4.12, df = 2(15), p = 0.037) (Table 2). Stem 
length, number of leaves or leaf area showed no differences 
among treatments. On 130-day-old plants (BBCH 89) after 
a gap of 88 days between UV exposure and harvesting, no 
differences could be appreciated for any analyzed parameter 
(data not shown).

We also calculated specific leaf area (SLA), leaf dry mat-
ter content (LDMC) and leaf thickness (LT) on 60-day-old 
(BBCH 21; maintenance effect) plants, being unaffected 
among treatments of 30 min. For 60 min, SLA was sig-
nificantly reduced in treatment A +/B + compared to con-
trol A −/B − (246.86 ± 11.59 on A −/B − vs. 198.33 ± 8.56 
for A +/B + [F = 5.79, df = 2(15), p = 0.010)] and therefore 
LT was significantly thicker (4 ± 0.33 µm on A +/B + vs. 
5.5 ± 0.38 µm on A −/B − [F = 4.717, df = 2(15), p = 0.026) 
(data not shown)].

Fresh and dry weight, stem length, number of leaves and 
leaf area of plants radiated for 30 or 60 min were similar 
among UV treatments at final harvest (130-day-old (BBCH 
89) plants) (data not shown).

Yield components

No differences on fruit length, diameter or weight, harvest 
index, total number of fruits per plant, number of commer-
cial fruits per plant and total weight of commercial fruits 

Table 2  Mean ± SE eggplant parameters (fresh and dry weight of 
the shoot tissue part in grams and stem length in cm) for each radia-
tion treatment (A −/B −, A −/B + or A +/B +), UV exposure time (30, 
60 or 90 min daily during 21 days) and plant age (42-day-old plants 

(BBCH 16; induced effect) radiated and used right after UV exposure 
ended for the experiment, and 60-day-old plants (BBCH 21; mainte-
nance effect) radiated and kept for 18 more days under regular glass-
house light conditions until experiment

Means with different letters within the same parameter, UV radiation time and days after radiation are significantly different (p < 0.05)

Days after radiation (plant age) UV exposure time Treatment Shoot fresh weight Shoot dry weight Stem length

0 days after UV exposure (42 days 
old (BBCH 16) plant)

30 min A − B − 15.96 ± 0.84a 1.27 ± 0.10a 19.01 ± 0.53a
A − B + 12.26 ± 0.70b 1.12 ± 0.16a 19.41 ± 0.77a
A + B + 14.62 ± 1.18ab 1.01 ± 0.07a 18.33 ± 0.77a

60 min A − B − 18.51 ± 1.23a 1.48 ± 0.20a 19.00 ± 0.55a
A − B + 11.96 ± 0.87b 0.83 ± 0.10b 19.92 ± 0.54a
A + B + 16.19 ± 1.15a 1.04 ± 0.15ab 20.31 ± 0.49a

90 min A − B − 14.85 ± 0.71a 1.14 ± 0.14a 19.20 ± 0.48a
A − B + 1.10 ± 0.30b 0.36. ± 0.05b 16.70 ± 0.64b
A + B + 4.10 ± 0.40b 0.35 ± 0.06b 17.47 ± 0.65ab

18 days after UV exposure (60 days 
old (BBCH 21) plant)

30 min A − B − 119.78 ± 4.69a 10.64 ± 1.61a 43.50 ± 1.22a
A − B + 111.62 ± 9.31a 10.27 ± 2.46a 41.71 ± 1.46a
A + B + 114.71 ± 11.02a 10.72 ± 3.51a 41.29 ± 2.14a

60 min A − B − 120.38 ± 8.18b 11.39 ± 1.31b 48.83 ± 2.37a
A − B + 116.94 ± 5.09b 13.14 ± 0.44ab 49.83 ± 1.54a
A + B + 147.77 ± 3.83a 15.32 ± 0.95a 49.00 ± 1.58a
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per plant were found among treatments after 30 min of 
UV exposure (data not shown). For 60 min, all parameters 
were unaffected except for fruit length of A −/B + plants, 
which was significantly longer compared to rest of treat-
ments (20.19 ± 0.44 cm vs. 18.70 ± 0.40 cm for A −/B − and 
18.71 ± 0.39 cm for A +/B +; H = 8.748, df = 2, p = 0.013).

Biochemical responses

Carbon and nitrogen content

On 42-day-old (BBCH 16) plant leaves (induced effect), con-
tent of carbon, nitrogen and C/N ratio was only significantly 
different on plants radiated during 90 min as carbon content 
was higher on control plants A − B − (36.77 ± 0.25 g/100 g 
vs. 35.29 ± 0.40 g/100 g for A −/B + and 34.66 ± 0.46 g/100 g 
for A +/B +; H = 9.579, df = 2, p = 0.008). For nitrogen, 
control plants A −/B − had a lower concentration than radi-
ated plants (6.94 ± 0.10 g/100 g vs. 8.053 ± 0.22 g/100 g 
for A −/B + and 7.90 ± 0.26  g/100  g for A +/B +; 
H = 9.275, df = 2, p = 0.003). C/N ratio was higher in con-
trol plants compared to radiated plants (5.307 ± 0.063 vs. 
4.403 ± 0.157 for A −/B + and 4.424 ± 0.206 for A +/B +; 
F = 11.10, df = 2(15), p = 0.0011). In the case of 60-day-
old (BBCH 21) plants (maintenance effect), 30-min radia-
tion had no impact in the macroelements or their ratio, 
although 60-min radiation significantly increased carbon 

concentration on A +/B + plants (40.34 ± 0.17 g/100 g vs. 
38.70 ± 0.31 g/100 g for A −/B − and 38.79 ± 0.26 g/100 g 
for A −/B +; F = 14.554, df = 2(15), p < 0.001).

Soluble carbohydrates

On 42-day-old (BBCH 16) plants (induced effect) radi-
ated during 30 min, only the concentration of d-galactose 
on A −/B + radiated plants significantly increased com-
pared with A −/B − and A +/B + plants (H = 9.000; df = 2; 
p = 0.011) (Table 3). On 60-min radiated plants, d-xylitol 
content significantly differed among treatments (H = 12.012; 
df = 2; p = 0.002), d-galactose was significantly lower on 
A −/B + radiated plants (H = 7.604; df = 2; p = 0.002), 
and d-(−)-fructose (H = 7.685; df = 2; p = 0.021), sucrose 
(H = 11.556; df = 2; p = 0.003), d-(+)-trehalose (H = 8.082; 
df = 2; p = 0.018) and d-(+)-maltose (H = 8.082; df = 2; 
p = 0.018) concentration of control plants was significantly 
higher than in radiated plants (Table  3). 90-min radia-
tion only modified the concentration of d-xylitol where 
A +/B + plants had a significantly higher concentration 
(H = 6.468; df = 2; p = 0.039) (Table 3).

On 60-day-old (BBCH 21) plants (maintenance 
effect), 30-min radiation produced an higher concentra-
tion of sucrose, fructose or maltose on A +/B + plants 
compared to control or A −/B + radiated plants 
[sucrose: 72.67 ± 16.86  nmol/g dry weight (dw) vs. 

Table 3  Mean ± SE sugar concentration in nmol/g dry weight (dry weight), for each radiation treatment (A −/B −, A −/B + or A +/B +) and UV 
exposure time (30, 60 or 90 min daily during 21 days) on 42-day-old plants (BBCH 16; induced effect)

Means with different letters within the same sugar and UV radiation time are significantly different are significantly different (p < 0.05)

UV exposure time Treatment d-Xylitol d-(−)-Fructose d-Galactose d-Mannitol d-Sorbitol

30 min A − B − 41.82 ± 17.15a 3.60 ± 1.38a 1.10 ± 5.46a Non-detectable Non-detectable
A − B + 40.38 ± 12.31a 5.20 ± 1.68a 93.31 ± 32.17b
A + B + 26.50 ± 3.37a 2.51 ± 0.35a 7.68 ± 5.10a

60 min A − B − 37.13 ± 17.06a 4.34 ± 0.65a 60.88 ± 18.25a Non-detectable Non-detectable
A − B + 19.27 ± 9.75b 3.22 ± 1.66b 10.23 ± 4.07b 14.04 ± 2.28
A + B + 6.37 ± 0.80c 1.56 ± 0.25b 31.99 ± 9.68a 31.92 ± 3.59

90 min A − B − 6.58 ± 1.32b 1.02 ± 0.19a 17.95 ± 3.78a Non-detectable 23.18 ± 5.38a
A − B + 13.83 ± 3.43b 1.32 ± 0.35a 35.09 ± 13.52a 36.16 ± 7.57 20.92 ± 4.26a
A + B + 20.83 ± 8.53a 1.57 ± 0.50a 40.97 ± 11.72a 62.54 ± 13.57 23.40 ± 4.97a

UV exposure time Treatment Gluconic acid d-(+)-Glucose Sucrose d-(+)-Trehalose d-(+)-Maltose

30 min A − B − Non-detectable 49.39 ± 17.10a 1466.59 ± 753.70a Non-detectable Non-detectable
A − B + 35.37 ± 7.71a 1775.21 ± 912.99a
A + B + 47.56 ± 17.07a 432.34 ± 125.38a

60 min A − B − Non-detectable Non-detectable 274.05 ± 37.5a 2558.79 ± 779.75a 1595.64 ± 474.91a
A − B + 28.39 ± 7.15 22.55 ± 2.75 66.98 ± 24.55b 407.68 ± 184.86b 346.43 ± 173.17b
A + B + 35.70 ± 6.56 32.08 ± 1.29 58.96 ± 7.19b 478.18 ± 63.98a 330.70 ± 38.34b

90 min A − B − 32.65 ± 5.84a 24.58 ± 4.53a 82.63 ± 18.55a 670.04 ± 167.66a 438.33 ± 100.94a
A − B + 23.20 ± 3.20a 27.57 ± 3.19a 97.17 ± 31.58a 550.58 ± 178.90a 394.89 ± 124.97a
A + B + 24.15 ± 2.08a 23.49 ± 1.94a 124.69 ± 17.86a 720.24 ± 125.78a 522.53 ± 92.88a
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21.72 ± 5.80 nmol/g for A −/B − and 22.55 ± 6.76 nmol/g 
for A −/B + (F = 7.021; df = 2(15); p = 0.007); trehalose: 
866.42 ± 328.11  nmol/g dw vs. 112.08 ± 52.92  nmol/g 
for A −/B- (H = 6.678; df = 2; p = 0.035); maltose 
590.39 ± 223.21 nmol/g dw vs. 111.59 ± 45.07 nmol/g for 
A −/B − (H = 6.468; df = 2; p = 0.039)]. An exposure time of 
60-min radiation produces no differences (data not shown).

Free amino acids

Concentration of free amino acid was variable depending 
mainly of the UV exposure time. On 42-day-old (BBCH 
16) plants (induced effect), a radiation time of 30 min daily 
did not trigger any changes. After an exposure of 60 min 
to UV radiation, l-isoleucine concentration was signifi-
cantly greater in A −/B − plants compared to radiated plants 
(H = 7.942; df = 2; p = 0.019); l-asparagine (H = 6.222; 
df = 2; p = 0.045) and l-tyrosine concentration was higher 
in control plants compared to A +/B + plants (H = 6.982; 
df = 2; p = 0.030) and l-tryptophan highest accumulation was 
on A −/B + plants compared to control A −/B − (H = 7.731; 
df = 2; p = 0.021) (Table 4). An exposure time of 90 min 
modified the concentration of l-valine (F = 4.753; df = 2(15); 
p = 0.025), l-Cysteine (F = 5.283; df = 2(15); p = 0.018) 
and l-histidine (H = 6.982; df = 2; p = 0.030), where 
A +/B + plants presented greater concentration that con-
trol plants. Also l-tyrosine showed a significantly higher 

concentration (H = 6.982; df = 2; p = 0.030) in control plants 
compared to radiated ones (Table 4).

On 60-day-old (BBCH 21) plants (maintenance effect) all 
free amino acids were detectable, being only significantly 
different l-isoleucine, higher on A −/B + plants radiated 
for 30 min compared to control (24.20 ± 9.29 nmol/g dw 
vs. 1.06 ± 0.47 nmol/g dw for A −/B −; H = 7.684; df = 2; 
p = 0.021) (data not shown). An exposure time of 60-min 
radiation did not trigger any differences (data not shown).

Natural enemies’ flight orientation

A significantly higher number of mirid N. tenuis total 
captures per sticky trap was found inside the cages under 
A −/B + and A +/B + radiation conditions compared to con-
trol A −/B − treatment after 8 h of insect release (F = 3.970, 
df = 2(15), p = 0.041), whereas no differences were found 
among treatments after 2 (F = 1.060, df = 2(15), p = 0.370) 
and 6 h (F = 1.700, df = 2(15), p = 0.216) (Fig. 3a). Mirid 
captures significantly increased with target height under 
all treatments (A +/B +: F = 33.540, df = 7(47), p < 0.001; 
A −/B +: F = 14.920, df = 7(47), p < 0.001; A −/B −: 
H = 28.980, df = 2, p < 0.001) (data not shown). Syrphid S. 
rueppellii total captures per sticky trap were higher under 
A +/B + light conditions compared to control A −/B − after 
1  h (F = 3.270, df = 2(27), p = 0.039) and compared to 
A −/B + and control A −/B − after 3 h (F = 4.950, df = 2(27), 

Table 4  Mean ± SE free amino acid concentration in nmol/g dry weight (dw), for each radiation treatment (A −/B −, A −/B + or A +/B +) and 
UV exposure time (30, 60 or 90 min daily during 21 days) on 42-day-old plants (BBCH 16; induced effect)

Means with different letters within the same amino acid and UV radiation time are significantly different (p < 0.05)

UV exposure time Treatment l-Alanine l-Valine l-Glycine l-Isoleucine

30 min A − B − Non-detectable 9.167 ± 5.63a 4.94 ± 3.67a 1.35 ± 0.80a
A − B + 13.81 ± 4.76a 4.86 ± 2.53a 1.63 ± 0.76a
A + B + 7.04 ± 2.00a 2.95 ± 1.05a 0.81 ± 0.26a

60 min A − B − Non-detectable 3.71 ± 1.13a 7.09 ± 1.97 4.50 ± 1.30a
A − B + 5.70 ± 1.92a Non-detectable 0.99 ± 0.52b
A + B + 8.46 ± 3.62 5.79 ± 0.72a 0.81 ± 0.31b

90 min A − B − 7.10 ± 3.86a 2.64 ± 0.58b Non-detectable 1.23 ± 0.25a
A − B + 5.87 ± 1.62a 5.87 ± 1.62ab 0.78 ± 0.30a
A + B + 9.34 ± 3.07a 11.07 ± 2.91a 0.95 ± 0.41a

UV exposure time Treatment l-Cysteine l-Histidine l-Tyrosine l-Tryptophan

30 min A − B − 16.07 ± 6.48a Non-detectable 66.43 ± 20.13a 35.18 ± 14.56a
A − B + 28.34 ± 11.54a 70.08 ± 24.62a 23.79 ± 6.64a
A + B + 11.90 ± 2.55a 27.44 ± 6.86a 16.52 ± 3.52a

60 min A − B − 9.53 ± 3.54a Non-detectable 78.13 ± 17.39a 12.57 ± 2.14b
A − B + 13.76 ± 8.76a 47.40 ± 36.86ab 58.15 ± 30.95a
A + B + 8.42 ± 0.96a 1.39 ± 0.08 19.69 ± 3.77b 26.02 ± 5.73ab

90 min A − B− 2.34 ± 0.70b 0.68 ± 0.07b 13.37 ± 2.28a 23.35 ± 3.92a
A − B + 10.02 ± 3.06ab 1.46 ± 0.55ab 7.79 ± 0.82b 28.92 ± 9.47a
A + B + 15.49 ± 3.86a 2.28 ± 0.64a 7.92 ± 2.10b 39.77 ± 12.56a
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p = 0.008) (Fig. 3b). Syrphids were captured at a signifi-
cantly greater extent at heights over 50 cm compared to 
lower heights under all treatments (A +/B +: U = 920.0, 
p = 0.023; A −/B +: U = 1048.0, p = 0.004; A −/B −: 
U = 1044.0, p = 0.003) (data not shown). Total numbers of 
mirids settled per 21-day-old eggplant previously exposed 
for 60 min daily to the three UV treatments during 21 days 
were similar among treatments (2 h: F = 1.086, df = 2(51), 
p = 0.347; 24 h: H = 0.277, df = 2, p = 0.871; 48 h: F = 0.060, 
df = 2(51), p = 0.938) (Fig. 3c).

Discussion

In the present study we demonstrated that different supple-
mentary combinations of UV-A and UV-B in glasshouse 
environments influenced one of the most important pests 
worldwide, the whitefly B. tabaci, as well as two of its 
natural enemies, the mirid N. tenuis and the syrphid fly S. 
rueppelli. We also showed that UV radiation impacts plant 
growth and leaf chemistry without modifying fruit produc-
tion of eggplants, one of the preferred host plants of B. 
tabaci.

The addition of UV-A or UV-B to eggplants had an indi-
rect plant-mediated deterrent effect, reducing the number 
of whiteflies settled. On 42-day-old eggplants (induced 
effect), any exposure time or supplementary UV combina-
tion significantly reduced the number of whiteflies settled. 
Indirect effects of plants previously exposed to UV radiation 
on insect avoidance behavior have previously been reported 
for aphids (Dáder et al. 2017; Vänninen et al. 2010).

Leaf components were analyzed to correlate any poten-
tial indirect effects of UV on the changes we observed on 
whitefly behavior. A 30-min daily dose of UV radiation did 
not alter the concentration of carbon or nitrogen, nor any 
of the detectable amino acids or sugars except for galac-
tose. In addition Dáder et al. (2014, 2017) found out on 
similar assays conducted on eggplants and peppers, that the 
content of phenolics and carotenoids increased. Leaves of 
eggplants harvested for biochemical analysis had been also 
subjected to the different UV treatments and used for the 
whitefly orientation assays; therefore, the combination of 
both might have influence the chemical parameters meas-
ured here. Plants might have directly responded to whitefly 
infestation by increasing the production of some secondary 
metabolites. This reduction on the alighting rate of whiteflies 
on radiated plants may be due to an increase in the concen-
tration of other secondary metabolites not analyzed in our 
work (Neugart and Schreiner 2018). UV-B promotes wound 
and defense signaling pathway partly similar in plants as the 
one induced by insects via jasmonic acid (Mackerness 2000; 
Schreiner et al. 2012; Escobar-Bravo et al. 2018). These sec-
ondary metabolites and some defense proteins may decrease 

plants’ palatability for phytophagous insects (Izaguirre et al. 
2007; Mewis et al. 2012). The reduction in whitefly settle-
ment on radiated plants may be also due to differences in 
sucrose concentration between the whole leaf tissues and 
phloem sap (Su et al. 2015, not radiated plants). Sucrose, 
whose concentration is higher in phloem sap, is known to 
be a strong feeding stimulant to hemipterans (Berlinger et al. 
1983; Mittler et al. 1970). Increasing the duration of UV 
treatment to 60 min increased the accumulation of secondary 
metabolites and leaf thickness (Jansen 2002; Victório et al. 
2011). In our work, and after a daily dose of 90 min, plants 
were severely damaged showing altered leaf morphology, 
coincident with findings of Almeida et al. (2013) in Oryza 
sativa plants after UV-B exposure.

On 42-day-old plants (induced effect), a daily 90-min 
dose of either UV-A or UV-B radiation triggered carbon 
accumulation and diminished nitrogen when compared 
to control plants A −/B −. This exposure time might have 
been long enough to severely damage photosynthetic car-
bon assimilation on A +/B + plants. Under this hypothesis, 
plants would be able to produce less growing tissue while 
increasing amino acid content related to host plant resistance 
to abiotic stresses such as l-valine, l-cysteine or l-histidine. 
Such increase in amino acid content would occur without 
altering sugar concentration except for a higher concentra-
tion of xylitol. The abiotic stress-associated amino acid pro-
line was not detected on 42-day-old plants (induced effect) 
(Alexieva et al. 2001; Halford et al. 2015). Histidine, a 
radiation-associated amino acid or alanine associated with 
photosynthesis was only detectable under longer radiation 
exposures (D’Mello 2015; Monselise et al. 2015).

When these plants were allowed to grow after the comple-
tion of UV treatments for 18 more days under normal glass-
house conditions until whitefly experiment (maintenance 
effect), 30-min daily UV radiation did not affect whitefly 
settlement. Leaf parameters were similar and only the amino 
acid isoleucine was higher on A −/B + compared to control, 
as well as A + B + plants had higher sucrose, trehalose or 
maltose than control. Plants were able to recover from radia-
tion. Whiteflies preferred to settle on A +/B + plants previ-
ously radiated during 60 min. This may be due to the size, 
since these plants were bigger and probably whiteflies had 
easier access to alight on leaves of the tallest and largest 
plants. Moreover, leaves were thicker and had higher content 
of carbon, while no differences were present in the amino 
acid or sugar content when comparing to control plants 
although the preference might provoked by non-analyzed 
compounds. Leaf thickness, in this case, may not be that 
important for whitefly settlement, because no differences 
could be appreciated on settlement between A +/B + and 
A −/B −. As a whole, no differences on settlement were 
observed on 60-day-old plants (maintenance effect), mean-
ing that the UV effect present on 42-day-old plants (induced 
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effect) may be transient. On 60-day-old plants (maintenance 
effect), 30-min radiation increased concentration of disac-
charides on A +/B + plants even though a 60-min radiation 
did not alter their concentration on A +/B + radiated plants. 
As stated on Sullivan et al. (2003), UV-A increases the 
assimilation of carbon, and in this case 60-min radiation 
was an exposure time long enough for the carbon concentra-
tion to increase although no differences could be seen in the 
sugar or amino acid content.

Supplemental UV modified eggplant size and morphol-
ogy mainly in the first period of the crop circle (seedling to 
flowering, BBCH 11-52), whereas, as expected, increasing 
exposure time to UV radiation promoted deeper changes 
in the plant. When host plants were studied right after the 
radiation treatments (induced effect), the only physiological 
characteristic that was altered after a daily 30-min radiation 
was fresh weight. This result indicates that this UV exposure 
period is either not long enough to produce significant alter-
ations in the plant or the plant machinery is able to coun-
teract the effect of radiation (Verdaguer et al. 2017). These 
observations differ with the ones presented by Kittas et al. 
(2006), where 45 days under high UV-B radiation caused a 
decrease in leaf area index or stem length probably due to 
the UV daily dose. However, in our work we exposed plants 
to UV for just 30 min, while Kittas et al. (2006) used all day 
UV exposure in their work.

When radiation was increased up to 60 min, fresh and dry 
weights were altered for plants under UV-B radiation only. 
Growth traits of plants radiated with both UV-A and UV-B 
were similar to control plants; this may be due to the ame-
liorating process that PAR light and the blue wavelength of 
UV-A have on plants (Adamse and Britz 1992; Krizek 2004; 
Peng et al. 1995). A maximum daily exposure of 90 min 
was extremely harmful for eggplants, UV decreased shoot 
fresh and dry weight and stem length, indicating that in this 
case UV-A and PAR supplemental radiation were not able to 
mitigate the detrimental effects of UV-B radiation.

Plants exposed to the different UV treatments were 
allowed to grow for another 18 days away from UV radiation 
(maintenance effect). A previous daily dose of 30 min did 
not cause significant differences in any parameter; therefore, 
plants were able to recover from the stress. However, 60-min 
radiation induced A +/B + plants to have more fresh weight 
probably due to the natural UV-A and PAR light ameliorat-
ing effect in absence of UV-B. Another possible cause of 
the increased fresh weigh is the UV-A stimulatory effect on 
plant biomass production (Bernal et al. 2013; Caldwell et al. 
1994; Dáder et al. 2014; Kataria et al. 2013; Štroch et al. 
2015; Tezuka et al. 1993, 1994; Turnbull et al. 2013). Hence 
the stimulatory effect of UV-A and PAR was only transiently 
active as 130-day-old plants were all similar regardless of the 
radiation treatment. Nevertheless, 60-min radiation caused 
leaves from A +/B + treatment to be thicker. No differences 

were appreciated in leaf area. Therefore, the changes were 
caused by the differences in dry mass. A +/B + leaves were 
heavier probably due to the increased carbon assimilation 
after the radiation and the stimulation that UV-A has on 
adaxial epidermal thickness and cell length (Verdaguer et al. 
2012).

Fruit production and number of flowers were similar for 
all treatments independently of the duration of UV. This 
contrasts with previous works regarding the relationship 
between crop yield and ultraviolet radiation on eggplants, 
cucumbers (Cucumis sativus) or Phasaeolus mungo L. 
(Abd El-Aal et al. 2018; Jayakumar et al. 2003; Kittas et al. 
2006), probably because they applied UV radiation during 
the whole crop circle as opposed to us.

Behavioral activities of natural enemies are influenced 
by light environment in a species-specific manner (Chiel 
et al. 2006; Doukas and Payne 2007; Johansen et al. 2011; 
Legarrea et al. 2012b). There is a large body of literature 
highlighting neutral effects of UV-deficient environments 
on natural enemies, mostly hymenopteran parasitoids, and 
similar activity has been reported for Aphidius matricariae 
Haliday, Aphidius colemani Viereck (Hymenoptera: Aphi-
diinae) or Diglyphus isaea Walker (Hymenoptera: Eulophi-
dae), and mite Amblyseius swirskii Athias-Henriot (Acari: 
Phytoseiidae) (Chiel et al. 2006; Chyzik et al. 2003; Doukas 
and Payne 2007; Legarrea et al. 2012b). Most parasitoids 
exploit olfactory cues and can orient to vegetation infested 
with their hosts similarly under light or dark conditions, and 
this strategy could also be followed by syrphids (Michaud 
and Mackauer 1995; Storeck et al. 2000).

On the contrary, Eretmocerus mundus Mercet (Hymenop-
tera: Aphelinidae) or Orius laevigatus (Fieber) (Hemiptera: 
Anthocoridae) show reduced orientation and host location 
under diminished UV radiation (Chiel et al. 2006; Legar-
rea et al. 2012b), which would agree with our S. rueppel-
lii tests where captures under UV-enriched environment 
doubled compared to control conditions. Results cannot be 
completely compared with our previous findings showing 
similar foraging success under deficient- and enriched-UV 
environments (Dáder et al. 2015). Target election may be 
behind this variety of responses, with syrphids localizing 
worse the inert yellow traps without supplemental UV light, 
an election that is purely based on the color of the target 
(visual cues). However, when the target was a plant infested 
with prey, relevant resource-indicating key volatiles were 
also present (olfactory cues), and S. rueppellii could perform 
well even when the enclosure lacked UV radiation (Dáder 
et al. 2015). The flight pattern and the contrast caused by 
the yellow area of the sticky trap could have also influenced 
the response, as they syrphids significantly more captured 
at heights over 50 cm.

Similarly to syrphids, a significantly higher number of 
N. tenuis was captured under UV-B radiation, and mirid 
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captures significantly increased with target height. Mirids 
did not show any particular preference to settle on any of the 
different plants of the indirect effect assay. Physicochemical 
characteristics of plant surface play a key role on arthropod 
election; however, we were not able to analyze the chemi-
cal profile of eggplants this time as we did for the whitefly 
experiment (Vänninen et al. 2010). Developmental stage 
could also condition the response (Ben-Yakir and Fereres 
2016). Nesidiocoris tenuis is a zoophytophagous mirid. 
Nymphs prefer to feed on plants compared to the protein-
rich diet coming from preys during adulthood (Puysseleyr 
et al. 2013). It is important to state that we did not evaluate 
the presence of black spots on plants due to mirid feeding so 
we are not certain if adults fed or not on the eggplants previ-
ously grown under the different UV light regimes.

In conclusion, supplementary UV radiation could be used 
to reduce whitefly infestation in glasshouses at the early 
stages of plant development without detrimental effects on 
crop yield or beneficial orientation. Results for whiteflies, 
syrphids and mirids show that any generalization about the 
effect of UV on arthropods may lead to inadequate inter-
pretations. A daily supplementary combination of UV-A 
and UV-B radiation for 30 min during 21 days could be an 
effective preventive strategy to reduce whitefly infestation in 
glasshouses without detrimental effects on eggplant produc-
tion. However, longer exposures to UV radiation may have 
detrimental effect on whiteflies and on their host plants. Nat-
ural enemies that rely most on their vision to find a host may 
suffer similar difficulties as pests when glasshouses lack UV 
radiation (Chiel et al. 2006). It still remains to be determined 
whether S. rueppellii and N. tenuis use additional cues but 
our data suggest that both insects could maintain the efficacy 
under UV-deficient environment. From our point of view, 
visual and chemical cues involved in dispersal are an unex-
plored topic that deserves further research for whiteflies and 
natural enemies, and more work needs to be carried out to 
identify those beneficial arthropods that are most compatible 
with each UV light regime.
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