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Abstract: Tomato continues to be one of the most important crops worldwide, and protected cul-
tivation is practiced to overcome the biotic and abiotic stresses to which the plant are exposed
during growth. In this study we evaluated the effect of colored net houses on the growth, yield and
nutritional values, as well as the incidence of common pests under three different light conditions:
(1) colored (magenta), (2) conventional (white), and open field conditions. A colored net house led
the plants to grow taller with higher lycopene content, but recorded a higher number of whiteflies,
compared to the conventional net house and open field conditions. Furthermore, plants under
protected structures recorded lower SPAD values, but larger terminal leaflets, lower damage by
leaf miners, but more damage caused by spider mites compared to those plants grown under open
field conditions. Overall, we found that the use of colored net houses provided a positive effect on
tomato production in terms of improvement in morphometric parameters, however, to obtain higher
yields under this production system, it is important to reduce the elevated temperature and increase
the relative humidity inside the protective structures to be adapted for local growing conditions
in Taiwan.
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1. Introduction

Tomato (Solanum lycopersicum L.) continues to be a very important crop, being sec-
ond after potato worldwide [1], and during the last decade, there has been a substantial
increase in the cultivated area and production, from 4.4 to 5 million Ha and from 153 to
181 million tons, respectively [2]. At the regional level, Asia accounted for almost 62%
of production share, followed by the Americas (13.2%), Europe (12.6%) and Africa (12%).
The top five tomato producers are China (mainland) with 62.8 million tons, followed by
India (19 million tons), Turkey (12.8 million tons), USA (10.9 million tons), and Egypt
(6.8 million tons) [2].

Tomato production has undergone many changes in the way it is being grown in
different regions, since different limiting factors including climatic conditions, availability
of water and nutrients, and quality and quantity of light must be taken into account
to provide appropriate conditions for the optimal growth and development of the crop.
Specifically, greenhouse production allows growers to make changes in the light quality or
photobiology, which consists of manipulating different wavelengths in order to modify the
morphological characteristics of tomato plants based on their specific light requirements [3].

Given the condition of sessile organisms, plants have a complex system for the per-
ception of light that allows them to adjust and optimize their performance and metabolism
based on the particular prevalent conditions. As summarized by Arsovski et al. [4], light
affects many developmental and physiological processes including germination [5], flow-
ering [6], and direction of growth [7]. Likewise, two distinct functions of light have been
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described: photosynthesis and photomorphogenesis. In the case of photosynthesis, pig-
ments such as chlorophyll a and b and carotenoids are responsible for the use of visible
light or photosynthetically active radiation, absorbing light in two regions of the spectrum,
blue (B: 400–500 nm) and red (R: 600–700 nm). In the case of photomorphogenesis, or
the processes related to morphological and physiological changes, at least four major
classes of photoreceptors are used: the phytochromes in red/far-red wavelengths [8], the
cryptochromes responding in blue and UVA [9,10], the phototropins responding in blue
(phototropism), and UVB photoreceptors [11]. In terms of practical application of these
results, a wide variety of techniques have been used to create specific spectral modifications
under protected cultivation structures (i.e., greenhouses, plastic net-houses, and tunnels),
which provide protection and colored-differentiated solar radiation that may promote phys-
iological responses that are controlled by light in order to improve commercial production
of different vegetable crops [12,13].

Colored shade nets allow a better utilization of the sunlight due to the manipulation
of the spectra of radiation reaching the crops, thus promoting physiological responses in
plant and fruit development, including leaf area index, chlorophyll and carotenoid con-
tents, tissue structure, fruit ripening, physiological disorders, nutritional quality, etc. [14].
Furthermore, previous studies had shown that red and pearl color shading structures
improved tomato fruit quality [15] and carotenoid content [16]. In contrast, high tem-
peratures and high solar radiation may reduce lycopene and β-carotene levels during
tomato production, resulting in fruit damage, sunscald and increasing unmarketable fruit
yield [17].

In order to get more information about the effect of colored net houses on tomato
production for specific climatic conditions in Taiwan, the objective of this study is to
assess the effect of colored net houses on plant morphometric parameters and growth,
productivity and nutritional yield, as well as to evaluate the incidence of whiteflies, leaf
miners, and spider mite, which are the common tomato insect pests under three different
light conditions: a colored net house (magenta color pattern), a conventional net house
(white), and open field conditions.

2. Materials and Methods
2.1. Location

The study was conducted at the World Vegetable Center (Shanhua, Tainan, Taiwan;
23◦08′29′′ N, 120◦19′15′′ E) at a mean elevation of 9 m above the sea level, following a
complete randomized block design (CRBD), with four blocks for each protective struc-
tures/growing conditions, during spring season 2020 (March-May). Moreover, the three
growing conditions were: Colored net house (magenta color pattern, 80% density knit-
ted shade net), conventional white net house (clear color pattern, allowing full sunlight
spectrum) and open field conditions. Nets were manufactured by SpectralX, LeBio Inter-
national Technology Corp., Ltd. (Tainan, Taiwan) (Table 1). Differences in light spectrum
for each light condition were recorded with a LM801S Portable Spectrometer (LeBio In-
ternational Technology Corp., Ltd., Tainan, Taiwan) and analyzed with the LBSpectraH
software (LeBio International Technology Corp., Ltd., Tainan, Taiwan) (Figure 1). In addi-
tion, climatic conditions (temperature and humidity) were recorded for the different light
conditions (Figure 2).

2.2. Treatments and Data Collection

Tomato seeds (Taoyuan-Yasu No. 20 variety, Known-you seed Co., Ltd., Kaohsiung,
Taiwan) were planted in seedling trays containing an equal mixture of vermiculite (Perlite
and South Sea vermiculite, Taipei city, Taiwan) and peat moss growing media (Known-you
seed Co., Ltd., Kaohsiung, Taiwan).
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Table 1. Radiance, Photosynthetic photon flux density (PPFD), luminance and light spectrum percentages measured at three
light conditions: Colored net house (magenta color pattern), conventional net house (white), and open field conditions *.

Parameter Open Field Colored Net House Conventional Net House

Material – Polyethylene Polyethylene

Radiance range (W·m−2) 336.5–458.7 96.9–192.5 124.3–228.9

PPFD range (µmol cm−2 s−1) 1544.9–2304.1 457.9–1019.8 573.2–1153.8

Luminance range (lux) 82,520–86,590 19,559–24,232 32,248–41,780

Red (R) range % 37.5–38.9 52.1–53.2 38.5–39.2

Green (G) range % 35.9–36.0 23.9–24.1 36.1–36.2

Blue (B) range % 26.0–27.1 23.2–24.7 25.3–26.1

R/FR range % 123.0–127.2 117.6–122.8 124.0–126.4

B/R range % 66.9–72.2 43.9–47.5 64.7–67.8

* Red (600~700)/(400~700), Green (500~600)/(400~700), Blue (400~500)/(400~700), R/FR (655~665)/(725~735), B/R (400~500)/(600~700).
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Figure 2. Climatic conditions, (A) mean air temperature at noon (◦C ± SD), and (B) relative hu-
midity (RH% ± SD) measured at three light conditions: Colored net house (magenta color pattern),
conventional net house, and open field conditions. Weekly measures collected during 12 March–
13 May 2020.

Two weeks later, seedlings were transplanted to the protective structures (i.e., colored/
magenta- or conventional/white- poly net houses) or open field conditions. On each of
the four blocks per growing condition, the tomato plants were planted on two raised beds
(9.2-m long and 1.5-m wide). In addition, two rows of plants were grown per bed and
spacing between plants was 0.5 m. A total of 80 plants were evaluated under each block
per growing condition. Tomato plants were managed following the customary production
practices, including surface irrigation at weekly intervals and manual weeding three times
in the season. About 25 kg of compost (Chung Rong Industrial Company, Tainan, Taiwan)
was applied to each bed at the beginning of the experiments.

Chlorophyll content of tomato was recorded on a weekly basis from the top third of
the plants using a chlorophyll meter (SPAD-502, Konica Minolta Inc., Ramsey, NJ, USA),
by measuring the absorbance of the leaves in the red and near-infrared wavelength regions.
SPAD values are proportional to chlorophyll content present in the leaf, and high values
indicate better chlorophyll accumulation (i.e., healthier plants) [18].

Terminal leaflet area (cm2) from the 8th node was recorded with a LI-3100 Area Meter
(LI-COR®, Inc., Lincoln, NE, USA), where samples travel under a fluorescent light and the
image is reflected to a scanning camera.
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Furthermore, data on yield and nutritional analysis including lycopene, β-carotene,
and vitamin C was carried out in all the crops and treatments. At harvest, marketable
yields were calculated based on 80 plants per block and four blocks per growing condition.
In addition, pooled marketable fruits were collected from each treatment and used for
the nutritional analysis. Right after harvested, collected ripe tomato fruits were taken to
the nutritional laboratory for further analysis, and samples were processed and stored at
−80 ◦C to avoid degradation in the compounds of interest.

2.3. Nutritional Analysis
2.3.1. Lycopene and β-Carotene

Carotene content was calculated using a high-performance liquid chromatography
(HPLC) method [19]. Briefly, 0.1 g of freeze-dried powder was mixed thoroughly with
0.5 mL of distilled water and 4.5 mL of acetone in glass vial, and the mixture was shaken
for 30 min. Two mL of the supernatant were pipetted into 10 mL test tube, and then dried
using N2 gas at 36 ◦C for 20 min. 100 µL of tetrahydrofuran (THF) and 1900 µL methanol
was added to the dried sample and mixed well. Later, the solution was filtered through
a membrane filter (0.22 µm) and 2 mL of the final solution was injected into HPLC vials
by using glass syringes enclosed with 0.22 µm pore size, and 13 mm diameter syringe
filter. Separation and subsequent carotenoid identification were performed using a HPLC
system (Waters 2695, Milford, MA, USA) equipped with an auto-sampler, and a photodiode
array detector (Waters 996) to monitor 210–700 nm wavelength. The static phase was a
C 30 Column (YMC™ Carotenoid 3.0 µm, 4.6 mm× 150 mm). The running conditions were
set at 30 ◦C using a gradient at 1.3 mL/min from 0% to 1% THF in methanol at 0–15 min,
1–25% THF in methanol at 15–25 min, 25–70% THF in methanol at 25–50 min, and the
final 100% THF at 50–60 min. The identification of carotenoid samples was performed by
comparing retention time and light absorption spectra (350–700 nm) of known standards.
The peak areas were calibrated against known amounts of standards.

2.3.2. Vitamin C

Total ascorbic acid was determined on the basis of coupling 2,4-dinitrophenylhydrazine
(DNPH) with the ketonic groups of dehydroascorbic acid through the oxidation of ascor-
bic acid by 2,6-dichlorophenolindolphenol (DCPIP) to form a yellow-orange color under
acidic conditions [20]. Twenty g of tomato frozen slurry was blended with 80 mL of the
extraction solution (45 g of metaphosphoric acid and 120 mL of acetic acid were dissolved
into 1500 mL of distilled water) in a homogenizer. The blended mixture was centrifuged at
7000 rpm for 10 min. After centrifuging, 0.3 mL of the supernatant was poured into three
test tubes containing 1.7 mL of the extraction solution, which represent two replications of
the samples and another one was considered as a blank for the sample. About 0.1 mL of
0.2% 2,6-DCPIP sodium solution and 2 mL of 2% thiourea in 5% metaphosphoric acid were
added into each test tube. Except the blank tube, 1 mL of 4% 2,4-DNPH in 9 N sulfuric
acid was added to the sample tubes and kept in a water bath (37 ◦C) for 3 h, followed by
an ice bath for 10 min, and 5 mL of 85% sulfuric acid was added and the mixtures were
kept at room temperature for 30 min. 1 mL of 4% 2,4-DNPH in 9N sulfuric acid was added
into the blank tube and cooled in the ice bath, kept at room temperature for 30 min. The
absorbance was determined in the spectrophotometer at 520 nm (U-2001, Hitachi, Tokyo,
Japan). Commercial L-(+)-ascorbic acid was used for calibration.

2.4. Monitoring of Insect Pests

In addition, the presence of whiteflies, leaf miners, and spider mite was also moni-
tored on a weekly basis during morning hours on the different treatments. In the case of
whiteflies, eight randomly selected leaves per block was collected in order to record the
combined number of eggs, nymphs, puparium, and adult exuviae (N = 32 leaves/growing
condition/week). For leaf miners and spider mites, visual damage was recorded on eight
randomly selected plants using a 0–5 scale [21], with level 0 = plants no affected; level 1:
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number of branches with damage symptom/total branches = 10%; level 2: number of
branches with damage symptom/total branches = 20%; level 3: number of branches with
damage symptom/total branches = 30%; level 4: number of branches with damage symp-
tom/total branches = 40%; and level 5: number of branches with damage symptom/total
branches = 50% (N = 32 plants/growing condition).

2.5. Data Analysis

Morphometric, productivity and nutritional yield data was analyzed using ANOVA
with the procedure Proc GLM of SAS version 9.4 (SAS Institute, Cary, NC, USA). When
significant, post-hoc Tukey’s HSD test was conducted to identified mean differences (dif-
ferences were considered significant at α = 0.05). Data on whitefly incidence was log (x + 1)
transformed before analysis, and parameters for normal distribution were evaluated using
the Proc Univariate, and Shapiro-Wilk test to normality. For leaf miner and spider mite
infestation, categorical data for infestation levels was analyzed using the CATMOD pro-
cedure in SAS and the analysis of variance was estimated using a Chi-Square test for the
treatment parameter. Figures for leaf miner and spider mite infestation were created by
using Proc FREQ and Mosaic Plot option in SAS. Data for the results section is based on
non-transformed data.

3. Results
3.1. Morphometric Parameters

In general, open field condition tomato plants showed significantly higher SPAD
values compared to plants evaluated under conventional net house (i.e., white) and colored
net house (i.e., magenta/pink) conditions (Figure 3). In addition, results showed a signifi-
cant increase in SPAD values from week 2 to 7, and a stabilization of SPAD readings from
week 7 to 10. Likewise, plants transplanted under colored net house were significantly
taller than those transplanted under conventional net house, and open field conditions
(Figure 4).
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Figure 3. Chlorophyll content represented by measured SPAD values (±SE) of tomato leaves evalu-
ated under three different light conditions, colored net house (magenta color pattern), conventional
net house, and open field conditions. Weekly measures collected during 12 March–13 May 2020. Statis-
tical significances are represented by lower letters within each evaluation week. Week 2 (F2,95 = 37.26;
p > F ≤ 0.0001); Week 3 (F2,95 = 37.26; p > F ≤ 0.0001); Week 4 (F2,95 = 63.57; p > F ≤ 0.0001); Week 5
(F2,95 = 38.66; p > F≤ 0.0001); Week 6 (F2,95 = 21.99; p > F≤ 0.0001); Week 7 (F2,95 = 3.49; p > F = 0.0346);
Week 8 (F2,95 = 6.5; p > F = 0.0023); Week 9 (F2,95 = 23.57; p > F ≤ 0.0001); Week 10 (F2,95 = 16.7;
p >F ≤ 0.0001); Week 11 (F2,95 = 9.46; p > F = 0.002). Standard error of the sample (SE) was calculated
based on n = 32 observations/light condition.
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More specifically, final height of colored net house tomato plants recorded during
week 11 was 7% and 33% higher compared to tomato plants grown under conventional net
house and open field conditions, respectively. Regardless of the color of the net house, the
terminal leaflet area measured on tomato plants grown on protected net houses was larger
compared to plants grown in open field conditions (Figure 5).

3.2. Productivity and Nutritional Yield

In terms of nutritional yield, lycopene content was significantly higher for tomatoes
harvested from the colored net house when compared to plants grown under conven-
tional net house and open field conditions. In contrast, no differences were observed for
productivity (i.e., yield), ß-carotene and Vitamin C content among the treatments (Table 2).

Table 2. Productivity and nutritional yield (±SE) for tomato evaluated under three different light conditions, colored net
house (magenta color pattern), conventional net house, and open field conditions.

Treatment N Yield
(t/ha)

Lycopene
(g/ha)

ß-Carotene
(g/ha)

Vitamin C
(g/ha)

Open field 4 11.6 ± 2.4 645.7 ± 133.4 b 92.6 ± 19.1 3911.6 ± 807.9

Colored net house 4 16.1 ± 4.0 1846.6 ± 464.5 a 116.2 ± 29.2 5796.9 ± 1458.2

Conventional net house 4 15.7 ± 4.3 1041.6 ± 285.8 b 130.2 ± 35.7 4228.2 ± 1160.1

F 2,11 1.76 12.67 1.69 2.87

Pr > F 0.2510 0.0070 0.2616 0.1332
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Figure 5. Terminal leaflet area (cm2) from the 8th node (±SD) of tomato plants evaluated under
three different light conditions, colored net house (magenta color pattern), conventional net house,
and open field conditions. Weekly measures collected during 26 March–13 May 2020. Statistical
significances are represented by lower letters within each evaluation week. Week 4 (F2,95 = 30.74;
p > F ≤ 0.0001); Week 5 (F2,95 = 10.95; p > F ≤ 0.0001); Week 6 (F2,95 = 10.98; p > F ≤ 0.0001); Week 7
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Week 10 (F2,95 = 10.36; p > F ≤ 0.0001); Week 11 (F2,95 = 23.48; p > F ≤ 0.0001). Standard error of the
sample (SE) was calculated based on n = 32 observations/light condition.

3.3. Monitoring of Insect Pests

A similar number of whiteflies was observed for the protected cultivation treatments
from week 4 to week 8 compared to plants evaluated under open field conditions. However,
from week 8, an increased number of whiteflies was observed for the colored net house
compared to the other two treatments (Figure 6). Moreover, whitefly numbers were 3- and
29-fold higher in colored net house compared to the numbers recorded for the conventional
net house and open field conditions, respectively during the last week of evaluation
(i.e., week 11).

In terms of leafminer damage, open field condition plants showed higher dam-
age level compared to plants from colored and conventional net houses across the last
weeks of evaluations (i.e., weeks 9–11) (week 9: Chi-square = 99.45, p < 0.0001; week 10:
Chi-square = 127.08, p < 0.0001; and week 11: Chi-square = 52.41, p < 0.0001) (Figure 7).
More specifically, tomato open field condition plants were moderately infested (22% of
plants with 10% of damage, and 78% of plants with 20–30% damage), whereas protected
structures (i.e., colored and conventional net houses) recorded a damage of 0–1 or less than
10% damage during week 9 (Figure 7). The following week (week 10), similar damage
figures were recorded with 84% of tomato plants from open field conditions showing up to
30% damage, whereas 91 and 100% of plants evaluated under colored and conventional
net house conditions showed no leafminer damage, respectively (Figure 7).
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Figure 6. Mean whitefly population (±SE) recorded on tomato plants evaluated under three different
light conditions, colored net house (magenta color pattern), conventional net house, and open field
conditions. Weekly measures collected during 19 March–13 May 2020. Statistical significances are
represented by lower letters within each evaluation week. Week 3 (F2,95 = 4.56; p > F = 0.0129); Week 4
(F2,95 = 1.29; p > F = 0.2736); Week 5 (F2,95 = 15.88; p > F≤ 0.0001); Week 6 (F2,95 = 19.28; p > F ≤ 0.0001);
Week 7 (F2,95 = 13.84; p > F ≤ 0.0001); Week 8 (F2,95 = 15.06; p > F ≤ 0.0001); Week 9 (F2,95 = 45.35;
p > F ≤ 0.0001); Week 10 (F2,95 = 90.86; p > F ≤ 0.0001); Week 11 (F2,95 = 91.62; p > F ≤ 0.0001).
Standard error of the sample (SE) was calculated based on n = 32 observations/light condition.
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Figure 7. Distribution of leafminer damage levels on tomato plants evaluated under three different light conditions, colored
net house (magenta color pattern), conventional net house, and open field conditions. Weekly measures collected during
30 April–13 May 2020. Visual damage based on a 0–5 scale [21], level 0 = plants no affected; level 1 = 10%; level 2 = 20%;
level 3 = 30%; level 4 = 40%; level 5 = 50% (N = 32 plants/growing condition).

During the last week, only 12.5% of the plants from open field conditions sustained
no damage by leaf miners, whereas 87.6% recorded low to moderate damage (10–30%),
compared to 75–84.4% plants grown on colored net houses, which did not have leafminer
damage (Figure 7).

For spider mite infestation, differences among damage level were observed for weeks 9
and 11 (week 9: Chi-square = 21.21, p < 0.0001; and week 11: Chi-square = 11.45, p = 0.0007)
(Figure 8). More specifically, during week 9, 91% of open field condition plants showed no
visual damage caused by spider mite, compared to 37.5 and 56.2% of the plants evaluated
on the conventional and colored net house conditions, respectively. In addition, 34.4%
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of colored net house plants showed 10% damage level, whereas 59% of conventional net
house plants recorded 10–30% damage level. For week 11, only 3–6% of plants did not show
any damage symptoms under conventional and colored net house conditions. 72% open
field conditions plants sustained 10–20% damage, compared to 28 and 37.5% of the plants
from conventional and colored net house conditions, respectively. In addition, 28% of the
open field condition plants were moderately damaged (damage level 3), compared to 31%
and 47% of the plants under conventional and colored net house conditions, respectively.
About 22% conventional net house plants showed 40% damage caused by spider mites
(Figure 8).
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4. Discussion

In this study, the effect of different colored poly-net house was investigated and com-
pared to open field conditions in terms of tomato morphometric parameters, including
SPAD values, terminal leaflet area, and plant height, as well as productivity (i.e., yield),
and nutritional yields (i.e., lycopene, β-carotene, and vitamin C). In addition, the over-
all incidence of whiteflies, leaf miners, and spider mite was also evaluated under the
abovementioned conditions.

Use of a colored net house (i.e., magenta) led to taller plants with higher lycopene
content, but with higher incidence of whiteflies, compared to a conventional net house
(i.e., white net house) and open field conditions. Furthermore, plants under protected
structures (i.e., colored and conventional net houses) recorded plants with lower SPAD
values, but larger terminal leaflets, less damage caused by leaf miners, but in contrast, more
damage by spider mites compared to those plants grown under open field conditions.

In general, vegetative and reproductive tomato growth stages might affect the record-
ing of SPAD values as previously reported by other studies. Jiang et al. [22] have shown
a strong correlation between SPAD values, and the content of chlorophyll a, b and total
chlorophyll were dependent on the specific tomato growth stage. In terms of different
SPAD value recordings in various treatments, protected cultivation offered a shade effect
that reduced damaging effects caused by adverse environmental conditions [23]. In the
current study, higher SPAD values were recorded under open field conditions, but in con-
trast, the same treatment recorded the lowest terminal leaflet area and plant height. High
SPAD values can be the result of high plant temperature as consequence of unfavorable
climatic conditions (i.e., water deficit), but also can depend on structural and phenological
plant stages (i.e., flowering, fruit setting) [24]. Furthermore, and although not assessed
in the current study, these authors also showed high SPAD values linked to a decrease in
stomatal conductance, decreased photosynthesis, and retardation of development leading
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to low yield [24]. Given the fact that direct chlorophyl measurements were not recorded in
the present study, a more detailed study is still needed to understand the relationship and
differences between SPAD recordings and chlorophyll content for plants evaluated under
different light conditions.

In terms of leaf area, a low light intensity may increase leaf area as an adaptation
to shade, since cells expand more in order to receive higher amounts of light required
for photosynthesis [15,25], which may explain why terminal leaf area was higher under
protected structures compared to those evaluated under open field conditions.

In terms of yield, no significant differences were observed among the treatments,
which could be caused in part for the differences in climatic conditions recorded under
the different treatments, as protected cultivation regardless of the net color showed much
higher temperatures and much lower relative humidity percentage compared to open field
conditions. Previous studies have shown how an increase in temperatures could result
in heat stress for tomato, evidenced as detrimental effects on fertility rate, flower drop,
reduced fruit setting and in consequence reduce fruit production and lower yields [26–28].
Therefore, and although plants under colored shade conditions yielded taller plants, with
larger leaves, the higher temperature recorded under this light condition may prevent
the plants from achieving their full potential yield compared to conventional and open
field conditions.

Another possibility in the lack of yield differences among the colored net houses
with other treatments is a reduction in the blue light or a low R:FR ratio which prevailed
under colored net house conditions compared to the other two treatments. Changes in
light quality in the red (R) and far-red (FR) regions are detected by a family of red and
far-red photoreceptors, which provide plants with important information in terms of
crowded places as well as close proximity to other plants [29,30]. Furthermore, a low
R:FR ratio is perceived by plants as a proximity signal (i.e., crowded of high density of
plants), which elicits a shade-avoidance response [31], consisting of a series of changes
that allow the plant to compete with neighboring plants for light resources. Such changes
include stem and internode elongation, leaf petioles in older plants, and acceleration of
flowering time [32]. However, given the changes in resource allocation, the activation
of this response as a survival strategy may have an energetic cost that may cause low
storage organ development, including a reduction on growth of leaves, roots, fruits and
seeds [33]. In addition, plants growing under shade conditions may be affected on the
sugar metabolism [34]. An alternative explanation is provided by Gent [35], who suggested
that yield and plant growth may decrease when the climate is moderate, so the benefits of
using shade are perceived only when plants are grown under a high sunlight intensity or in
places under hot summer conditions. However, in the current study, although the sunlight
intensity can be counteracted by the shading effect of the colored net houses, still more
research is needed in order to reduce the high temperature inside these protected structures.

In our study, although no significant differences in yield were found, the lycopene
content was positively affected by the colored net house conditions. Environmental factors,
including light and temperature, may influence the chemical and nutritional composition
of tomatoes, including lycopene, accounting for 80–90% of the total pigments presented
in ripened tomato [36]. Previous studies had reported that the accumulation of lycopene
is under the control of phytochromes located in the fruit, and an accumulation of this
component is possible under red light treatment [37,38]. The results of the current study
showed more lycopene on colored net house plants compared to conventional net house
and open field condition plants. In addition, the differences with the other treatments
could be due to direct exposure to excessive sunlight and high temperature that inhibit the
synthesis of lycopene [15,39].

Whitefly incidence and spider mite damage were significantly higher on plants grow-
ing under colored net house conditions compared to those on conventional net house and
open field conditions. In addition to the favorable high temperature and low humidity
percentage, the shading effect offered by the colored net conditions seems to have offered
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the right conditions for the rapid multiplication of whitefly population under this particular
protected structure. In contrast, the high temperature and low relative humidity recorded
under protected conditions seemed to deter the presence of leaf miners, as damage levels
were very low, whereas higher damage levels were observed under more mild temperature
and higher relative humidity conditions offered by open field conditions. Furthermore,
the size of the insects is another important aspect to consider, as it had been previously
shown that whiteflies and spider mites can easily enter through the nets, even if they are
50–60 mesh size [40]. In addition, several studies had also indicated the need to optimize
the mesh size to reduce adverse climatic conditions by allowing better ventilation, and
reducing the heat, while offering effective protection against insect pests [41,42].

As previously mentioned, plants growing under shade conditions or low R:FR suffer
from shade avoidance response that may affect several phytohoromones, which are respon-
sible for growth and reallocation of plant resources, leading to plant survival in crowded
communities. However, the cost of this shade avoidance response is among others a down
regulation of the jasmonic acid pathway, therefore reducing the defense response of plants
to the attack of insect pests, exposing the plant to high levels of hervibory as previously
documented for different crop plants [43–46].

5. Conclusions

The use of colored shade nets continues to be a good strategy to allow a better
utilization of the sunlight due to the manipulation of the light spectrum which in turns
promote desire physiological plant responses. Thus, the use of colored net houses has a
positive effect on tomato production in terms of improvement in morphometric parameters,
such as plant height, and leaf area, and nutritional content such as lycopene. However, in
order to obtain more yields under this production system, the improvement of growing
conditions that reduce elevated temperature and providing a proper relative humidity
are key for this technology to be adapted to the local growing conditions in Taiwan. In
addition, it is also important to use integrated pest management approaches to ensure low
numbers of small-sized tomato pests under protected cultivation conditions.
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