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Abstract
UV radiation plays an important role not only in plant growth and development but also in the accumulation of essential nutrients and health-promoting
phytochemicals in plants. The main objective of this study was to examine the
effects of supplemental UV-A, UV-B, and UV-AB on the nutritional quality
of lettuce (Lactuca sativa, cv. red leaf “New Red Fire” and green leaf “Two
Star”) and tomato (Solanum lycopersicum L., cv. BHN-589) grown in a
greenhouse. Supplemental UV radiation was provided by UV lamps 5 - 6 days
prior to harvest. Supplemental UV-A produced higher accumulation of total
phenolic compounds and higher antioxidant capacity in red leaf lettuce compared to other treatments. Overall, supplemental UV-A produced a stronger
response than other UV treatments and control in the accumulation of many
phenolic compounds including luteolin-7-glucoside, quecetin-3-glucoside,
and apigenin-3-glucoside in red leaf lettuce. However, UV-B and UV-AB had
a negative response in the accumulation of many phenolic compounds including chlorogenic acid, luteolin-7-glucoside, quercetin-3-glucoside, and
apigenin-3-glucoside in both red and green leaf lettuce varieties. In tomato
fruits, supplemental UV-A had no effect on their total phenolic concentration. However, supplemental UV-B radiation for 3 h or UV-AB radiation for
9 h exposure produced higher total phenolic concentration in the fruits compared to other supplemental UV treatments. Supplemental UV-AB (3
hexposure) was generally more effective than other UV treatments in increasing the accumulation of a number of phenolic compounds including
chlorogenic acid, caffeic acid, chicoric acid, luteolin-7-glucoside, and other
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flavonoids in ripe tomato fruits. Supplemental UV-A produced higher accumulation of carotenoids including lutein and β-carotene than other supplemental UV treatments, while supplemental UV-AB increased the accumulation of lycopene in fully ripe tomatoes. With regard to the essential nutrients,
green leaf lettuce was more responsive to the supplemental UV treatments
than red leaf lettuce. All the supplemental UV treatments produced an increase in protein concentration in the leaves of green leaf lettuce. However,
supplemental UV-AB produced a stronger response compared to the control
and other UV treatments in increasing the accumulation of many nutrients
including protein, phosphorus, potassium, sulfur, and zinc in green leaf lettuce “Two Star”. Supplemental UV-treatments did not affect the accumulation of any essential nutrients in fully ripe tomato fruits. The results show
that supplemental UV enhances the nutritional quality of lettuce in relation
to both health-promoting phytochemicals and essential nutrients. Similarly,
supplemental UV enhances nutritional quality in tomato fruits with higher
accumulation of both phenolic compounds and carotenoids than does the
control treatment.

Keywords
Greenhouse, Lettuce, Micronutrients, Nutritional Quality, Phytochemicals,
Spectral Quality, Tomato, UV-A and UV-B

1. Introduction
UV radiation (UV-A and UV-B) plays an important role in the growth and development of plants [1] [2]. Of the total solar UV radiation reaching plants, the
major part is UV-A radiation (315 - 400 nm), while the shorter wavelength
UV-B (280 - 315 nm), which comprises only 5%, is more energetic and has been
studied extensively with regard to its role in various plant functions including
growth, morphogenesis, plant adaptation, and physiological processes such as
photosynthesis and secondary metabolism [3] [4] [5]. Impact of UV radiation on
various aspects of vegetative and reproductive growth and the accumulation of
secondary metabolites, including phenolic compounds and carotenoids in several crop species, has been reviewed by Huche-Thelier et al. [6]. On the one hand,
UV-radiation, especially UV-B, can induce reactive oxygen species, which can be
damaging to many organelles and macromolecules and impair photosynthetic
function leading to reduced growth [7] [8]. On the other hand, it can also trigger
the production of antioxidant species, which have a defensive function in plants
[9]. UV radiation can induce a plethora of phenolic compounds, especially flavonoids which not only protect plants against high doses of UV-B but as they are
antioxidants they also have health-promoting qualities. They are known to reduce the risk of many common chronic and degenerative diseases including cardiovascular diseases, cancers, diabetes, and arthritis; more importantly they
promote overall health in humans [10] [11]. Therefore, it is important to develDOI: 10.4236/ajps.2021.121007
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op strategies to improve the nutritional quality of our food in relation to
health-promoting phytochemicals and essential nutrients. The role of UV radiation in activating secondary metabolism has been reported in a number of plant
species including lettuce [5]. Crops grown in open fields with the benefit of solar
radiation consisting of UV radiation have been shown to have increased
health-promoting phytochemicals [12] [13]. Thus, UV radiation can have an
impact on health-promoting phytochemicals. However, it is not clear whether it
also has any effect on the accumulation of essential nutrients in plants, which
can have major impacts on the overall nutritional quality of our food [10].
Malnutrition is a major global public health challenge arising from inadequate
consumption of both macronutrients (calorie rich foods and proteins) and many
micronutrients [14]. Although it is a more serious problem in developing countries, it is prevalent in most regions of the world including the U.S. [15]. The nutrients of major concern are protein (globally a billion people have chronic inadequate protein consumption) [16] and many micronutrients including calcium, iron, zinc, and many others [17] [18]. Efforts to mitigate the challenges of
malnutrition have included primarily the consumption of nutrient-rich food and
using supplements [14] [18]. Improving nutritional quality by developing nutrient-dense food is a critical challenge in addressing the issue of nutrient deficiency and malnutrition. Therefore, in this study, we investigated the effects of
supplemental UV-A, UV-B, and UV-AB on the growth and the nutritional quality of common vegetables, namely lettuce and tomato, in relation to their
health-promoting phytochemicals and essential nutrients.

2. Materials and Methods
2.1. Plant Growing Conditions
Seeds of two varieties of lettuce (Lactuca sativa), a red leaf, “New Red Fire” and a
green leaf, “Two Star” were sown in 72-cell plug trays containing Metromix 360
soil mix, (Sungro Horticulture, Agawam, MA) in a growth chamber set at 22˚C
(day/night) with a PAR photon flux of 274 μmol/m2/s, a 12 h photoperiod and
60% relative humidity (RH) on May 5th, 2017. One week old seedlings were then
transplanted into pots (12 cm × 12 cm × 12 cm) containing Metro 360 soil mix,
and after 3 weeks, seedlings were then transferred to a greenhouse maintained at
25˚C and 70% RH with an average solar PAR flux of 719 μmol/m2/s. The studies
were conducted at the greenhouse facilities at Kansas State University, Manhattan, KS. Plants were irrigated 4 times a week and fertilized once a week with fertilized water (N:P:K-20-10-20) at 200 ppm of nitrogen. The total UV solar radiation in the greenhouse was measured using a Research Radiometer (ILT 5000,
International Light Technologies, Inc., Peabody, MA) during mid-day at the canopy level. Plants were treated with supplemental UV just after sunset prior to
harvest using UV lamps (UV-A 340 and UV-B 313EL, Q-Lab Corp., Cleveland,
OH). Plants were treated with UV-A (8.11 W/m2), UV-B (1.97 W/m2) and
UV-AB (5.08 + 1.55 W/m2) for 5 or 6 days prior to harvest as indicated in Table
DOI: 10.4236/ajps.2021.121007
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1. UV exposure treatments were started on June 2nd, 2017. The experiment was
laid out in a randomized complete block design (RCBD) with 3 replications.
Tomato seeds [Solanum lycopersicum L. (cultivar “BHN-589”)] were germinated in 32 cells plug trays containing Metro-mix 360 on July 7th, 2017. The
plants were grown in a growth chamber set at 25˚C ± 2˚C and 60% relative humidity and with a 16 h photoperiod and a PAR photon flux of 288 μmol/m2/s for
4 weeks. The plants were then transferred to pots (21.5’’ diameter × 21’’ height)
with the same soil mix as above (Aug 8th, 2017). Transplanted seedlings were
moved to a greenhouse maintained at 25˚C and 70% relative humidity and were
grown for 60 days before the supplemental UV treatments (October 4th, 2017).
The plants were irrigated to field capacity 3 times a week and fertilized once a
week with fertilized water as described above. The average solar light intensity
and the supplemental UV treatments were same as outlined for lettuce plants.
UV-B and UV-AB (UV-A + UV-B) treatments each consisted of 3 exposure periods, namely 3 h, 6 h and 9 h with 1.5 h exposure/day, 6 days before harvest
(Table 1). UV exposure treatments were started on October 5th, 2017. The experiment was conducted using an RCBD layout with 3 replications. Fruits were
harvested after the UV treatments and were sorted into breaker and ripe stages,
which were separately analyzed for various characteristics.
Table 1. Supplemental UV radiation treatment schedule for lettuce and tomato plants
grown in greenhouse. The daily treatments were initiated after the sunset just prior to
harvest. UV exposure started on June 2nd, 2017 for lettuce and on October 5th, 2017 for
tomato.
Supplemental
radiation

Lettuce

Tomato

DOI: 10.4236/ajps.2021.121007

Treatment schedule
Day 1

Day 2

Day 3

Day 4

Day 5

Control

-

-

-

-

-

UV-A

24 h

24 h

24 h

24 h

24 h

UV-B

-

2h

2h

2h

2h

UV-AB

-

2h

2h

4h

4h

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Control

-

-

-

-

-

-

UV-A

24 h

24 h

24 h

24 h

24 h

24 h

UV-B 3 h

1.5 h

1.5 h

UV-B 6 h

1.5 h

1.5 h

1.5 h

1.5 h

UV-B 9 h

1.5h

1.5 h

1.5 h

1.5 h

1.5 h

1.5 h

UV-AB 3 h

1.5 h

1.5 h

UV-AB 6 h

1.5 h

1.5 h

1.5 h

1.5 h

UV-AB 9 h

1.5 h

1.5 h

1.5 h

1.5 h

1.5 h

1.5 h
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2.2. Growth Characteristics
All the growth characteristics were measured at the time of harvest. The fresh
weights of shoots and roots of lettuce were measured, and their dry weights were
obtained after freeze-drying (Harvest Right, North Salt Lake, Utah) until a constant sample weight was reached. Leaf area was measured using an LI-3100 Area
Meter (LI-COR, Inc., Lincoln, Nebraska). Specific leaf weight was calculated by
dividing dry leaf weight by leaf area. Tomato fruits were harvested beginning in
early October, 2017. Samples of lettuce leaves and tomato fruits (pericarp) were
freeze-dried and stored at −20˚C for further analyses. All chemical analyses involved measurements on 4 replicates.

2.3. Chlorophyll and Carotenoids
The chlorophyll and carotenoid concentrations in lettuce leaves were determined according to the methods by Pora et al. [19] and Chen et al. [20] with
some modifications. Lettuce leaf (0.03 g) samples were extracted with 3 mL 80%
acetone for 25 min in an ultrasonic processor (Vibra-Cell, Sonics and Materials
Inc., Danbury, CT). The absorbance (A) of the extract was read at 663 nm, 645
nm and 470 nm in a microplate reader (Synergy H1, BioTek, Winooski, VT).
The leaf concentrations of chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids in the extracts were estimated using the following relationships:

Chl a = 12.72 A663 − 2.59 A645
Chl b = 22.88 A645 − 4.567 A663
Total Chl a + b = 20.3 A645 + 7.22 A663

Carotenoids = (1000 A470 − 3.27 Chl a − 104 Chl b ) 229

2.4. Anthocyanins
Lettuce leaf anthocyanins were extracted as outlined by Nakata et al. [21] with
some modifications. Ground freeze-dried lettuce leaf samples (0.02 g) were extracted twice with 0.5 mL of extraction buffer [methanol:acetic acid-45:5 v/v]
using an ultrasonic processor (Vibra-Cell, Sonics and Materials Inc., Danbury,
CT). The supernatants were centrifuged at 12,000 x g for 5 min and the absorbance of supernatants was measured at 530 and 657 nm in a microplate reader
(Synergy H1, BioTek, Winooski, VT, USA). Concentrations of anthocyanin in
leaves were calculated using the following relationship: (Abs530/g D.W.) =
[Abs530 − (0.25 × Abs657)] × 25. The anthocyanin concentration was expressed
on a dry weight basis.

2.5. Total Phenolic Concentration and Antioxidants Capacity
The concentration of total phenolic compounds was determined using the modified Folin-Ciocalteu reagent method [22]. Ground freeze-dried lettuce leaf (0.04
g) and tomato fruit samples (0.4 g) were extracted in 4 mL of 80% acetone using
an ultrasonic processor (Vibra-Cell, Sonics and Materials Inc., Danbury, CT) for
DOI: 10.4236/ajps.2021.121007
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20 min. A 1.5 mL aliquot of the extract was transferred to a centrifuge tube and
kept in the darkness overnight at 4˚C. The extract was then centrifuged at 1000
rpm for 2 min and a 50 μL of the supernatant was mixed with 135 μL of distilled
water, 750 μL of diluted (1:10) Folin-Ciocalteu reagent (Sigma-Aldrich, St. Louis,
MO, USA), and 600 μL of 7.5% (w/v) Na2CO3. The mixture was vortexed and
incubated in a water bath at 45˚C for 15 min and was then allowed to cool at
room temperature. The absorbance of the mixture was read at 765 nm (U-1100
Spectrophotometer, Hitachi Ltd. Tokyo, Japan). Gallic acid standards were prepared (Acros Organics, Fair Lawn, NJ) in 80% acetone with 3 replicates for each
concentration. The amount of total phenolic concentration was quantified as
gallic acid equivalent (GAE) on a dry weight basis.
ABTS (aminobenzotriazole) decolorization assay was used to determine the total
antioxidant capacity as outlined by Miller and Rice-Evans [23] and Pennycooke et al.
[24]. A 2.5 mM ABTS stock solution was used to generate ABTS* radical cations by
adding 0.4 g of MnO2 as an oxidizing agent and stirring continuously at room temperature. Excess MnO2 was removed by filtering under vacuum first, and then using
0.22 μm syringe end filter. Then, the ABTS* solution was diluted to an absorbance
value of 0.7 (±0.05) at 730 nm by using 5 mM PBS (phosphate buffer saline) at pH
7.4 and stored in water bath at 30˚C. One mL of ABTS* reagent was added to Trolox
(6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) standards or samples
and vortexed for 10 s and followed by 1 min of reaction time. The absorbance of
the reaction mixture was measured at 730 nm. A PBS solution was used as a
blank for each assay. The antioxidant capacity of samples was estimated as the
Trolox equivalent.

2.6. Individual Phenolic Compounds
Freeze-dried and ground lettuce leaf and tomato samples (0.1 g and 0.4 g, respectively) were extracted overnight with 10 mL of 70% aqueous methanol on an
orbital shaker (Benchmark, Edison, NJ) in the dark. The extract was centrifuged
to collect the supernatant and the residue was further washed twice with methanol and centrifuged to get the final supernatant volume of 30 mL. A 2 mL aliquot of the supernatant was evaporated to dryness under streaming nitrogen gas,
and the residue was re-dissolved in 1 mL of 70% methanol and then filtered
through 0.22 μm syringe end filter (MilliporeSigma, Burlington, MA). The phenolic compounds were quantified using a Shimadzu HPLC system (Kyoto, Japan) consisting of a DGU-20A3 degasser, an LC-20AB liquid delivery pump, a
SIL-20ACHT auto-sampler, a CTO-20AC column oven, and a UV/V is detector
(180 - 800 nm). A C18 reversed phase column (250 mm L × 4.6 mm D, Waters,
Milford, MA) was used to separate the phenolic compounds. The elution was
conducted with a mobile phase A consisting of 5% formic acid in deionized water and mobile phase B consisting of 5% formic acids in 95% methanol at a rate
of 0.8 mL/min and 31˚C oven temperature. The gradient used for solvent B was
0% - 10% for 5 min, 10% - 40% for 25 min, 40% - 70% for 10 min, and 70% for
DOI: 10.4236/ajps.2021.121007
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16 min before returning to 0%. The data were analyzed using the Shimadzu LC
Solution Software (Kyoto, Japan). Concentrations of phenolic acids (gallic acid,
chlorogenic acid, caffeic acid, and chicoric acid) and flavonoids [luteolin-7-glu
(glucoside), quercetin-2-glu, apigenin-3-glu, and kampferol-3-glu] were expressed as equivalents of vanillic acid and quercetin, respectively.

2.7. Individual Carotenoids
Accumulation of individual carotenoids was measured in tomato fruits from
plants subjected to supplemental UV treatments. Samples from freeze-dried and
ground fruit pericarp at breaker and fully ripe stages (0.3 g) were extracted with
6 mL of extraction solution (ethanol: hexane, 4:3, v/v) on an orbital shaker for 4
h. The extract was centrifuged in an Eppendorf centrifuge at 3950 rpm at 20˚C
for 30 min. The supernatant was collected, and the residue was re-extracted with
8 mL of hexane twice. The collected supernatant was washed with 30 mL distilled water first, and then 30 mL of 10% sodium chloride (NaCl) solution several
times. The lipid layer was collected and 2 mL of this was evaporated in an Eppendorf vacufuge (Concentrator 5301, Hamburg, Germany) to dryness and was
re-dissolved in 2 mL of methanol:MTBE (methyl tert-butyl ether)-1:1, v/v. The
resulting solution was filtered through a 0.22 μm membrane filter before the
HPLC analyses. All the extraction procedures were conducted under dim light in
a transfer hood.
Carotenoids were separated and quantified using Shimadzu HPLC system
(Kyoto, Japan) as described above using a YMC C30 reversed phase column. The
mobile phase consisted of methanol:MTBE (7:3, v/v, Solvent A) and MTBE
(100% Solvent B). The gradient of elution for solvent B was as follows: 0% to
10% in 6 min, 10% to 20% in 16 min, 20% to 70% in 26 min, 70% to 10% in 36
min. The carotenoids (lutein, β-carotene, and lycopene) were quantified at 450
nm using Shimadzu LC Solution Software (Kyoto, Japan).

2.8. Essential Nutrients
Lyophilized and powdered lettuce leaf and tomato samples (0.15 g) were used to
measure concentrations of essential nutrients. Concentrations of total carbon
and nitrogen were determined using a LECO TruSpec CN combustion analyzer.
Protein concentrations were derived from the leaf nitrogen concentrations using
a conversion factor of 6.25 [25]. The concentrations of nutrients, including
phosphorus, potassium, calcium, magnesium, sulfur, copper, iron, manganese,
and zinc, were determined using an inductively coupled plasma (ICP) spectrometer (Model 720-ES ICP Optical Emission Spectrometer, Varian, Australia
PTY Ltd., Australia).

2.9. Statistical Analysis
Data on the treatment effects were analyzed using one-way Analysis of Variance
(ANOVA) (SAS 9.4, Cary, NC and XLSTAT, Addinsoft, New York, NY) and the
DOI: 10.4236/ajps.2021.121007
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treatment means were compared using the Duncan’s multiple range test at p <
0.05, <0.01, and <0.001.

3. Results and Discussion
3.1. Lettuce
3.1.1. Growth
The UV treatments were imposed on the red leaf “New Red Fire” and green leaf
“Two Star” varieties 5 days prior to harvest (Table 1). Shoot and root biomasses
of lettuce plants were determined after harvest. UV treatments did not affect the
fresh or dry shoot biomass in both lettuce varieties (Table 2). However, root
biomass was affected by the UV treatment and was variety dependent.
In “New Red Fire”, both fresh and dry weights of root biomass were reduced
by all the UV treatments, while, on the contrary, the fresh weights of roots in
“Two Star” increased due to UV-B treatment but with no effect on their dry
weights by any UV treatments. Although shoot mass was not affected by UV
treatments in both varieties, plants in “New Red Fire” were smaller under UV-B
and UV-AB treatments because of their reduced leaf area. The total leaf area of
these plants was about 86% or less relative to the control plants (Figure 1). Krizek et al. [26] examined the impact of solar UV radiation on red-leaf lettuce (cv.
New Red Leaf) and found that both UV-A and UV-B reduced both fresh and dry
weights of shoots. In our study, UV-B seems to have a negative impact on the
growth of lettuce plants. Similar observations have also been made by others
Table 2. Shoot and root fresh and dry weights for lettuce varieties, “New Red Fire” (NRF)
and “Two Star” (TS), subjected to supplemental UV radiation for 5 days before harvest.
Control plants did not receive UV radiation.
Shoot

New Red Fire

Two Star

Root

FW (g/plant)

DW (g/plant)

FW (g/plant)

DW (g/plant)

Control

71.14

5.20

16.46 a

1.18 a

UV-A

82.38

5.32

9.82 b

0.75 b

UV-B

62.93

5.33

10.85 b

0.71 b

UV-AB

61.81

4.91

10.33 b

0.79 b

Significance

NS

NS

**

*

Control

67.42

5.83

11.18 b

0.76

UV-A

72.64

5.68

13.57 ab

1.05

UV-B

69.93

5.76

17.35 a

1.13

UV-AB

73.93

11.96

11.96 b

1.02

Significance

NS

NS

*

NS

Significant differences are indicated by * and ** at p < 0.05 and p < 0.01, respectively (n = 4). NS indicates
lack of significant differences. Means followed by same letter(s) in a column are not significantly different.

DOI: 10.4236/ajps.2021.121007

111

American Journal of Plant Sciences

M. Lee et al.

Figure 1. Upper panel: The effects of the supplemental UV treatments on the leaf area and specific leaf weights for “New Red
Fire” (NRF) and “Two Star” (TS) measured at the time of harvest. Control (con) plants did not receive any supplemental UV.
Significant differences are indicated by * and ** at p ≤ 0.05 and p ≤ 0.01, respectively. NS indicates lack of significant differences.
Bars (treatment means + SE) with the same letter(s) show no significant treatment differences within a variety. Bottom panel:
Growth characteristics of control and UV treated red (left) and green lettuce (right) plants at the time of harvest.

who found that high UV-B intensity reduced growth, including plant height,
fresh and dry biomass, leaf area, and the relative growth rate in maize (Zea mays
L.) and sunflower (Helianthus annuus L.) [27] [28]. Caldwell et al. [29] argued
that plants’ sensitivity to UV-B may depend on the spectral balance between
visible and UV-A radiation. They found that shoot growth was reduced by UV-B
only when visible and UV-A radiation levels were low in soybean (Glycine max
Merr.) plants. When only visible light was low, UV-A appeared to mitigate the
adverse effects of UV-B, but not in the presence of high levels of visible light. In
our study, although supplemental UV-A had no impact on the leaf area in red
leaf lettuce, supplemental UV-B and UV-AB reduced the total leaf area (Figure
1). However, no significant impact of supplemental UV on the leaf area was observed in green leaf lettuce. The specific leaf weight (i.e., leaf dry mass/unit area)
in red leaf lettuce was higher in response to supplemental UV-B, although it resulted in reduced total leaf area compared to the control plants indicating that
UV-B treated plants produced denser leaves. Denser leaves may be a defensive
response as it can reduce the penetration of UV-B into the leaves. However, in
green leaf lettuce, both supplemental UV-A and UV-AB treatments reduced the
leaf specific weight, although there was no significant impact on the total leaf
area by these treatments.
3.1.2. Chlorophyll, Carotenoids, and Anthocyanins
Leaf chlorophyll a concentration did not change in “New Red Fire” lettuce with
UV treatments while chlorophyll b level increased slightly with UV-AB treatDOI: 10.4236/ajps.2021.121007
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ment (Table 3). However, in “Two Star”, UV treatments did not have any effect
on the concentrations of both chlorophyll a and chlorophyll b. Similarly, leaf
carotenoid levels were unaltered due to UV treatments in both lettuce varieties.
With regard to leaf anthocyanin levels, UV treatments had no effect in “New
Red Fire” while there was an increase (44.2%) in “Two Star” due to UV-B treatment compared to the control plants (Figure 2). Similar observations were
noted in lettuce in response to supplemental UV by Li and Kubota [30]. Other
studies have also found similar response to UV-B in red leaf lettuce [5] [26].
However, control plants of red leaf variety “New Red Fire” had higher anthocyanin concentration relative to their counterparts in the green leaf variety “Two
Star”. Exposure of lettuce plants to either UV-B or UV-AB tended to produce
leaf discoloration (Figure 2). This may be due to longer exposure of plants to
these treatments. The negative impact of UV-B is expected, because of its
relative high energy compared UV-A. Similar negative impacts of UV-B on leaf
pigments have been reported in other plant species [31].
3.1.3. Phytochemicals
Both the total phenolic concentration and antioxidant capacity in “New Red
Fire” increased in response to supplemental UV-A while they were unaltered in
response to both supplemental UV-B and UV-AB (Figure 3). Similar results
have been reported in lettuce where both UV-A and UV-B induced higher accumulation of total phenolic compounds and the antioxidant capacity in lettuce
and dropwort [32] [33]. In our study, only supplemental UV-A was found to
have a positive impact on the concentration of total phenolic coounds in “New
Red Fire” lettuce but not in “Two Star” lettuce. The total phenolic concentration
and antioxidant capacity in leaves of “New Red Fire” increased by more than
56% and 86%, respectively, due to supplemental UV-A treatment compared to
the control plants. However, no significant changes in either total phenolic concentration or antioxidant capacity were noted in green leaf “Two Star” due to
supplemental UV treatments.
Table 3. Concentrations of chlorophyll a and b, total chlorophyll, and carotenoids in the leaves of “New Red Fire” (NRF) and
“Two Star” (TS) subjected to supplemental UV radiation treatments. Measurement were made at the time of harvest.
New Red Fire
Chl a

Chl b

Two Star

Total Chl

Carotenoid

Chl a

Chl b

(μg/g DW)

Total Chl

Carotenoid

(μg/g DW)

Control

161.2

4.77 bc

215.8

0.76

253.6

4.78

339.5

1.33

UV-A

202.6

4.59 c

267.9

0.98

288.4

4.80

386.8

1.38

UV-B

165.3

4.99 ab

224.4

0.86

267.2

5.01

363.4

1.37

UV-AB

113.8

5.18 a

157.1

0.59

278.4

4.96

377.4

1.46

Significance

NS

**

NS

NS

NS

NS

NS

NS

Significant differences are indicated by * and ** at p < 0.05 and p < 0.01, respectively (n = 4). NS indicates lack of significant differences. Means followed by
the same letter(s) in a column are not significantly different.
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Figure 2. Anthocyanin concentrations in the leaves at the time of harvest in “New Red Fire” (NRF) and “Two Star” (TS) subjected
to supplemental UV radiation. Photographs on the right show leaf color of red (top row) and green (bottom row) lettuce treated
with supplemental radiation. Control (con) plants did not receive any supplemental UV treatment. Bars (treatment means + SE)
with the same letter (s) show no significant treatment differences within a variety. Significant difference is indicated by *** at p <
0.001. NS indicates lack of significant difference.

Figure 3. Total phenolic concentration and antioxidant capacity at the time of harvest in “New Red Fire” (NRF) and “Two Star”
(TS) subjected to supplemental UV radiation. Control (con) plants did not receive any supplemental UV treatment. Bars (treatment means + SE) with the same letter (s) show no significant treatment differences within a variety. Significant differences are
indicated by * and *** at p < 0.5 and p < 0.001, respectively. NS indicates lack of significant differences.

Of the phytochemicals examined, chicoric acid was the dominant phenolic
compound in both lettuce varieties irrespective of the supplemental UV treatments, (Figure 4). Lettuce is rich in chicoric acid, which is an important
health-promoting phytochemical known to play a significant role in fighting
immune suppressing viral infections including HIV-1 [34]. Supplemental UV-A
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Figure 4. Individual phenolic compounds at the time of harvest in “New Red Fire” (NRF) and “Two Star” (TS) subjected to supplemental UV radiation. Control (con) plants did not receive any supplemental UV treatment. Phenolic compounds included
gallic acid (A), chlorogenic acid (B), caffeic acid (C), chicoric acid (D), luteolin-7-glucoside (glu) (E), quercetin-3-glu (F), apigenin-3-glu (G), kaempferol-3-glu (H). Bars (treatment means + SE) with the same letter(s) show no significant treatment differences. Significant differences are indicated by *, ** and *** at p < 0.05, p < 0.01, and p < 0.001, respectively. NS indicates lack of
significant differences.

treatment produced sharp increases in the concentration of luteolin-7-glu
(121%), quercetin-3-glu (68%), and apigenin-3-glu (54%) in the leaves of red leaf
“New Red Fire” over the control. However, on the contrary, exposure of these
plants to UV-B and UV-AB lowered the accumulations of luteolin-7-glu and
apigenin-3-glu. Also, in “Two Star”, UV-A treatment produced higher accumulations of luteolin-7-glu. However, UV-AB treatment decreased the concentration of chlorogenic acid compared to the control. Overall, in “New Red Fire”,
supplemental UV-A had a more positive impact in enhancing the accumulation of many flavonoids while supplemental UV-B and UV-AB had a negative
impact on the accumulation of these flavonoids. Although the response of
phenolic compounds to supplemental UV-A and UV-B radiation in lettuce
were variable, the results from our study show that UV radiation plays a role
in improving the accumulation of many phenolic compounds and thus enhancing
the health-promoting qualities of lettuce [13]. Krizek et al. [26] found that in red
leaf lettuce both UV-A and UV-B enhanced the concentration of UV absorbing
compounds in plants, presumably flavonoids and other phenolic compounds
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which are known to have a protective function against UV radiation in plants
[35]. Similarly, in red leaf lettuce the photosynthetic function is higher in the
presence of UV radiation than in its absence suggesting that higher accumulation of phenolic compounds under UV may have a protective function on the
photosynthetic apparatus [5]. Krizek et al. [26] suggested that UV-B is more active in the induction of flavonoids than UV-A in red leaf lettuce. This is further
supported by a study by Morales et al. [36] where UV-B exclusion showed a decreased accumulation of many flavonoids in silver birch (B. pendula Roth) with
lower expression of PAL (phenylalanine ammonia-lyase) gene in the leaves,
which codes for the key gateway enzyme in the synthesis of phenolic compounds.
3.1.4. Essential Nutrients
Red leaf “New Red Fire” lettuce (control) was nutrient dense compared to green
leaf “Two Star” lettuce. It had higher concentrations of all the essential nutrients
examined in this study (Table 4). For example, the level of proteins in the leaves
of “New Red Fire” lettuce was more than 34% higher relative that of “Two Star”
lettuce. In addition, levels of many mineral nutrients, such as potassium, magnesium, sulfur, copper, manganese, and zinc, in red leaf lettuce were higher relative
to those in green leaf lettuce. In particular, accumulation of copper, zinc, and
manganese were notably higher in red leaf “New Red Fire” lettuce relative the
green leaf lettuce. The amount of copper, zinc, and manganese in red leaf lettuce
was approximately 48%, 41% and 31% higher, respectively, compared to that in
the green leaf lettuce.
We examined the impact of UV treatments on the accumulation of essential
nutrients in the leaves of red and green leaf lettuce varieties. In response to supplemental UV, leaf calcium and magnesium levels increased in “New Red Fire”
due to UV-A treatment while UV-A and UV-B treatments resulted in higher
magnesium levels compared to the control plants (Figure 5). However, accumulations of other essential nutrients were not affected by UV treatments in
“New Red Fire” lettuce. In contrast, accumulations of most nutrients in “Two
Star” were higher with UV treatment relative to the control plants with
exception carbon and iron (Figure 6 and Table 5). The accumulation of iron did
not change with any UV treatment while carbon accumulation decreased in response to supplemental UV-B and UV-AB (Table 5). This suggests that photosynthetic activity can be adversely affected, especially by UV-B which is often reflected in reduced overall poor plant growth [8].
Table 4. Concentrations of essential nutrients in leaves of “New Red Fire” (NRF) and “Two Star” (TS) lettuces at the time of
harvest. Protein concentration was derived from total the nitrogen concentration in the leaves.
Protein (%)

C (%)

P (%)

K (%)

Ca (%)

Mg (%)

NRF

14.63

38.83

0.54

5.74

0.90

0.40

0.20

2.94

112.1

87.66

43.74

TS

10.88

38.69

0.29

4.01

0.83

0.26

0.14

1.98

96.4

59.7

25.4
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Figure 5. Concentrations of calcium and magnesium in leaves at the time of harvest in “New Red Leaf” (NRF) and “Two Star”
(TS) lettuce subjected to supplemental UV radiation. Control (con) plants did not receive any supplemental UV treatment. Bars
(treatments + SE) with the same letter(s) show no significant treatment differences. Significant differences are indicated by * and
*** at p < 0.05 and p < 0.001, respectively.

Figure 6. Concentrations of essential nutrients in leaves of “Two Star” (TS) lettuce subjected to supplemental UV radiation at the
time of harvest. Control (con) plants did not receive any supplemental UV treatment. Protein concentration was derived from
total nitrogen in the leaves. Bars (treatments + SE) with the same letter(s) show no significant treatment differences. Significant
differences are indicated by ** and *** at p < 0.01 and p <0.001, respectively.
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Table 5. Concentrations of carbon, sulfur, and iron in leaves of “Two Star” (TS) at the
time of harvest in subjected to supplemental UV radiation.
Two Star
C (%)

SO4-S (%)

Fe (ppm)

Control

38.69 a

0.14 c

96.4

UV-A

39.00 a

0.17 b

111.1

UV-B

37.54 b

0.19 b

100.0

UV-AB

37.62 b

0.21 a

150.3

Significance

**

***

NS

Significant differences are indicated by ** and *** at p < 0.01 and p < 0.001, respectively (n = 4). NS indicates lack of significant differences. Means followed by same letter(s) in a column are not significantly different.

Exposure of “Two Star” to all the UV treatments resulted in higher accumulation of protein and sulfur in the leaves compared to the control (Figure 6 and
Table 5). The increase in protein accumulation in the leaves ranged from 17 to
31%, with UV-AB producing the largest increase relative to the control plants. In
addition, supplemental UV-B treatment increased the accumulation of protein,
phosphorus, potassium, calcium, magnesium, sulfur, manganese, and zinc, while
supplemental UV-AB had a much stronger response in enhancing the accumulation of many nutrients including protein, phosphorus, potassium, sulfur, copper and zinc. UV-AB enhanced the concentration of phosphorus by 44%, potassium by 37%, copper by 31%, and zinc by 55% in leaves of “Two Star” lettuce
over the control plants. Although all the UV treatments have a positive role in
enhancing many essential nutrients, UV-AB was most effective in improving the
nutritional quality of green leaf lettuce with regard to the essential nutrients.
This indicates that both UV-A and UV-B, which are components of solar radiation, are essential for improving the nutritional quality of food we consume.
From the perspective of mitigating the major nutrient deficiencies in the human
diet, many of these nutrients, especially protein, play an important role. For
example, treating green leaf “Two Star” lettuce with supplemental UV-AB can
increase the accumulation of protein by 31%. Protein is an important nutrient in
human diet and its deficiency is widely prevalent in numerous countries in the
world, especially in developing countries [37]. Approximately 43% of children
(230 million) are afflicted by protein-energy deficiency, which can lead to serious health issues including loss of muscle mass, higher risk for bone fracture,
edema, fatty liver disease, and many more diseases [38].
Thus, overall, the results show that supplemental UV can play a significant
role in improving nutritional quality with regard to not only health-promoting
phenolic compounds but also essential nutrients in lettuce.
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3.2. Tomato
3.2.1. Phytochemicals in Fruits
Total phenolic concentration and the antioxidant capacity of fully ripe tomato
fruits were measured to identify the effects of supplemental UV-A, UV-B, and
UV-AB in plants grown in a greenhouse. Tomato plants were treated with supplemental UV-A for 6 days and with UV-B and UV-AB for 3 h, 6 h or 9 h (1.5
h/day) prior to harvest (Table 1). Supplemental UV-A had no effect on the total
phenolic concentration in fully ripe tomato fruits (Figure 7). Similarly, supplemental UV-B treatment for 3 h or 6 h did not affect the total phenolic concentration. However, longer exposure to UV-B for 9 h and UV-AB for 3 h or 9 h increased the concentration of total phenolic compounds. Thus, a brief exposure
(3 h) of plants before harvest using a combination UV-A and UV-B could enhance the total phenolic concentration of tomato fruits. Although there was an
increase in the total phenolic concentrations in the fruits due to UV treatments,
it was not reflected in an increase in their antioxidant capacity. This is consistent
with observations in a study where blocking UV-B in a greenhouse experiment
did not affect the antioxidant capacity of tomato fruits in different tomato genotypes [39].
Individual phenolic compounds and carotenoids were measured in tomato
fruits at breaker and fully ripe stages to identify the impact of supplemental
UV-A, UV-B, and UV-AB in plants grown in a greenhouse. In tomato fruits
(pericarp), the dominant phenolic compound was chlorogenic acid of all the
phenolic compounds monitored both at the breaker and fully ripe stages (Figure
8). A higher accumulation of chlorogenic acid was found in fruits at breaker
stage than at the fully ripe stage. At the breaker stage, supplemental UV generally had a negative impact on the accumulation of caffeic acid and luteolin-7-glu
in fruits compared to the control plants. In fact, on the one hand, supplemental
UV treatment did not have any positive impact on the concentration of any
phenolic compounds examined in fruits at the breaker stage. On the other hand,

Figure 7. Total phenolic concentration and antioxidant capacity of fully ripe tomato fruits. Plants were treated with supplemental
UV-A and UV-B and UV-AB for 3 h, 6 h and 9 h. Control plants (con) did not receive any UV treatment. Bars (SE) with the same
letter(s) show no significant treatment differences. Significant difference is indicated by ** at p < 0.01. NS indicates lack of significant differences.
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Figure 8. Individual phenolic compounds in tomato fruits. Plants were treated with supplemental UV-A, and UV-B and UV-AB
for 3 h and 6 h. Control plants (con) did not receive any UV treatment. Phenolic compounds included chlorogenic acid, caffeic
acid, chicoric acid, luteolin-7-glu, apigenin-3-glu, kaempferol-3-glu in fully ripe (A) and breaker (B) fruits. Bars (SE) with the
same letter(s) show no significant treatment differences. Significant differences are indicated by ** and *** at p < 0.01 and p <
0.001, respectively.

supplemental UV treatment induced higher accumulation of many phenolic
compounds when fruits were fully ripe, which is notably a beneficial characteristic
with regard to their health-promoting ability in our diet. In fully ripe fruits, supplemental UV treatments induced higher accumulations of a number of phenolic
compounds. Treatment of plants with supplemental UV-A or UV-AB (3 h) increased the chlorogenic acid concentration in fully ripe fruits by more than 50%
over the control. Supplemental UV-A also increased the concentrations of chicoric
acid and apigenin-3-glu in fully ripe fruits. Generally, supplemental UV-AB (3 h)
was more effective in increasing the accumulation of a number of phenolic
compounds including chlorogenic acid, caffeic acid, chicoric acid, luteolin-7-glu,
apigenin-3-glu, and kaempferol-3-glu. However, in the case kaempferol-3-glu,
supplemental UV-B treatment for longer exposure of 9 h also produced a higher
accumulation compared to the control. Overall, higher accumulations of phenolic compounds occurred in fruits at the fully ripe stage when plants were subjected to supplemental UV-AB, especially for short period of time (3 h).
The accumulation of key carotenoids in tomato fruits at the breaker and fully
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ripe stages in response to supplemental UV treatments is presented in Figure 9.
At the breaker stage, exposure of plants to supplemental UV-B and UV-AB for
various lengths of time improved the concentration of β-carotene in fruits but
with no impact on the concentration of lutein. There were no detectable levels of
lycopene in fruits at the breaker stage. However at the fully ripe stage, supplemental UV-A produced higher concentrations of lutein and β-carotene in the
fruits relative to the control. Also, lutein concentration in fruits was higher in
response to supplemental UV-B (3 h) and to UV-AB at all exposures up to 9 h
compared to the control. Similarly, accumulation of β-carotene was higher in
response supplemental UV-AB (3 h) compared to the control. Furthermore, an
increase in lycopene occurred in ripe fruits in response to UV-AB at only 9 h
exposure. Similar positive results were observed in tomatoes grown in
poly-tunnels where fruits contained higher lycopene and β-carotene concentration with higher UV transmittance [40]. The results from our study suggest that
supplemental UV treatment, especially (UV-A and UV-AB), of tomato plants
just prior to harvest has a beneficial impact on the accumulations of key carotenoids such as lycopene, lutein and β-carotene that play an important role in
maintaining eye health, in reducing the risks of some cancers, and in maintaining the overall health and wellbeing in humans [41] [42].
3.2.2. Essential Nutrients in Fruits
The essential nutrients, including protein, phosphorus, potassium, calcium,
magnesium, sulfur, copper, iron, manganese, and zinc, were measured in tomato
fruits at breaker and fully ripe stages in response to supplemental UV. Treatment of plants with supplemental UV-A, UV-B, and UV-AB did not produce
any significant effect on the accumulation of most of these nutrients examined
in this study in fruits at either breaker or fully ripe stage, except for phosphorus
in fully ripe fruits (Table 6).

Figure 9. Individual carotenoids compounds in tomato fruits. Plants were treated with supplemental UV-A, and UV-B and
UV-AB for 3 h and 6 h. Control plants (con) did not receive any UV treatment. Carotenoid compounds included lutein,
β-carotene, and lycopene from fully ripe (A) and breaker (B) fruits. Bars (SE) with the same letter(s) show no significant treatment
differences. Significant differences are indicated by ** and *** at p < 0.01 and p < 0.001, respectively. NS indicates lack of significant differences.
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Table 6. Concentrations of essential nutrients in tomato fruits from plants subjected to supplemental UV radiation.

Red tomato
fruits

Breaker
tomato
fruits

Light source

Protein
(%)

C (%)

P (%)

K (%)

Ca (%)

Control

8.3

38.7

0.319 ab

3.16

0.08

0.133

UV-A

8.2

38.53

0.328 ab

3.2

0.09

UV-B 3 h

8.5

38.17

0.354 a

3.36

UV-B 6 h

7.8

37.27

0.343 a

UV-B 9 h

8.4

38.33

UV-AB 3 h

8.3

UV-AB 6 h

Cu
(ppm)

Fe
(ppm)

Mn
(ppm)

Zn
(ppm)

0.117

2.7

31.7

9.5

13.53

0.146

0.112

2.4

27.3

8.4

13.1

0.08

0.156

0.125

2.4

27.2

9.1

14.73

3.31

0.1

0.15

0.122

2.1

26.8

9.8

12.97

0.349 a

3.26

0.067

0.146

0.105

2.8

29

8.4

12.37

37.81

0.304 b

3.06

0.08

0.138

0.105

2.6

28.9

7.4

11.97

8

38.21

0.322 ab

3.22

0.08

0.145

0.111

2.6

24.9

7.1

13.97

UV-AB 9 h

8

37.88

0.349 a

3.22

0.09

0.144

0.116

1.9

28.1

8.7

13.03

Significance

NS

NS

*

NS

NS

NS

NS

NS

NS

NS

NS

Control

7.58

38.98

0.31

3.21

0.078

0.153

0.1

2.35

34.9

10.1

15.95

UV-A

8.67

38.42

0.32

3.07

0.091

0.168

0.105

2.45

31.6

11.2

13.98

UV-B 3 h

8.48

38.48

0.34

3.4

0.088

0.174

0.106

2.2

25.6

10.1

11.33

UV-B 6 h

9.63

38.47

0.35

3.25

0.092

0.177

0.108

1.77

27.1

11.8

12.4

UV-B 9 h

8.69

38.48

0.31

2.92

0.089

0.146

0.1

1.5

13.5

10.4

9.47

UV-AB 3 h

8.5

38.81

0.28

2.92

0.091

0.144

0.098

1.77

15.4

11.4

9.73

UV-AB 6 h

8.67

38.42

0.31

3.2

0.104

0.166

0.107

1.77

22.4

9.3

12.33

UV-AB 9 h

8.77

38.78

0.32

3

0.1

0.162

0.11

2.23

19.2

11.8

12.53

Significance

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

Mg (%) SO4-S (%)

Significant differences are indicated by * at p < 0.05 (n = 4). NS indicates lack of significant differences. Means followed by same letter(s) in a column are not
significantly different. Protein concentration was derived from the total leaf nitrogen.

4. Summary
In summary, the response of red and green leaf lettuce varieties to supplemental
UV-A was variable and was dependent on the variety. Supplemental UV-A enhanced the accumulation of many phenolic compounds such as chlorogenic acid, luteolin-7-glu, quercetin-3-glu, and apigenin-3-gluc in red leaf lettuce. However, UV-B and UV-AB increased the accumulation of many essential nutrients
including protein, phosphorus, potassium, calcium, sulfur, and zinc in green leaf
lettuce. Similarly, supplemental UV-AB played an important role in enhancing
the accumulation of a number of phenolic compounds such as chlorogenic acid,
caffeic acid, chicoric acid, luteolin-7-glu, apigenin-3-glu, and kaempferol-3-glu
in fully ripe tomato fruits. In addition, supplemental UV treatment resulted in
higher accumulation of carotenoids including lutein, β-carotene, and lycopene
in fully ripe fruits. Thus, the results show that supplemental UV radiation can
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enhance the nutritional quality of lettuce and tomato by increasing the accumulation of both health-promoting phenolic compounds and carotenoids.
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