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Abstract: Phenolic compounds in basil (Ocimum basilicum) plants grown under a controlled
environment are reduced due to the absence of ultraviolet (UV) radiation and low photosynthetic
photon flux density (PPFD). To characterize the optimal UV-B radiation dose and PPFD for enhancing
the synthesis of phenolic compounds in basil plants without yield reduction, green and purple basil
plants grown at two PPFDs, 160 and 224 pmol-m~2-s71, were treated with five UV-B radiation doses
including control, 1 h-d~! for 2 days, 2 h-d~! for 2 days, 1 h-d~! for 5 days, and 2 h-d~! for 5 days.
Supplemental UV-B radiation suppressed plant growth and resulted in reduced plant yield, while
high PPFD increased plant yield. Shoot fresh weight in green and purple basil plants was 12%-51%
and 6%—44% lower, respectively, after UV-B treatments compared to control. Concentrations of
anthocyanin, phenolics, and flavonoids in green basil leaves increased under all UV-B treatments
by 9%-18%, 28%—-126%, and 80%—-169%, respectively, and the increase was greater under low
PPFD compared to high PPFD. In purple basil plants, concentrations of phenolics and flavonoids
increased after 2 h-d~! UV-B treatments. Among all treatments, 1 h-d~! for 2 days UV-B radiation
under PPFD of 224 umol-m~2-s~! was the optimal condition for green basil production under a
controlled environment.

Keywords: UVRS; PPFD; dose-dependent; photosynthesis; chlorophyll fluorescence; phenolic
compounds

1. Introduction

Decreasing arable land, rising urbanization, water scarcity, and climate change exert pressure
on agricultural producers [1]. Conventional food production is severely limited by seasonality,
unpredictable weather, pests/diseases, and resources such as land and water. Indoor controlled
environment agriculture (CEA) systems, which can be built anywhere, have the potential to be a
suitable alternative to open field and greenhouse production [2]. However, crops cultivated in indoor
CEA systems using artificial lighting are not exposed to ultraviolet radiation. Ultraviolet (UV) radiation
is an important environmental signal that initiates plant responses in photosynthetic function, cell
division, plant growth, and development [3,4]. In previous studies, UV-B radiation was mainly
considered as a stress factor to plants, focusing on the effects of increasing solar UV-B radiation
reaching Earth’s surface due to stratospheric ozone depletion [5,6]. Recent studies have highlighted
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supplemental UV-B radiation as a eustress (i.e., positive stress), and reported that low to moderate
UV-B radiation induces a range of favorable processes in plants, such as synthesis of UV-absorbing
compounds (anthocyanin, phenolic acids, and flavonoids) and antioxidants (carotenoids, ascorbate,
and glucosinolate) [7-9]. These bioactive compounds represent an important source of antioxidant
molecules in human diet reducing the risk of cardiovascular diseases, chronic diseases, and specific
forms of cancer [10,11].

Manipulation of secondary metabolites in horticultural crops through supplemental UV-B radiation
have demonstrated at least two UV-B signaling pathways, which is determined by UV-B radiation
dose[11,12]. Under low UV-Bradiation dose, the UV-B specific photoreceptor, UV RESISTANCE LOCUS
8 (UVRS), initiates an UVR8-dependent pathway [13]. Specifically, UVRS8 stimulates gene expression
such as CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1), ENLONGATED HYPOCOTYL 5
(HY5), and HY5 HOMOLOG (HYH), which play key roles in the synthesis of phenolic compounds, as
well as growth retardation such as the inhibition of hypocotyl elongation [14,15]. Under high UV-B
radiation dose, UV-B light acts as a damaging agent inducing formation of reactive oxygen species
(ROS), causing damage to plant cells, DNA, proteins, and photosynthesis apparatus and, subsequently,
negatively affect plant growth and induces synthesis of antioxidants [16,17].

In addition to being dose-dependent, plant responses to supplemental UV radiation also varied
among species and cultivars [18]. For example, anthocyanin concentration of red leaf lettuce (Lactuca
sativa, ‘Red Cross’) increased by 11% after 12-days UV-A radiation at 18 pmol-m~2:s~! for 16 h-d~!
prior to harvest (controlled environment, PPFD of 300 pmol-m~2-s~1) [19]. Synthesis of anthocyanin
and other polyphenols in another red leaf lettuce cultivar (‘Red Fire’, controlled environment, PPFD
of 150 umol'm~2-:s71) significantly increased after 3-days UV-B radiation at a much lower dose, 1.5
pumol-m~2-s7! for 16 h-d! prior to harvest [4]. Furthermore, glucosinolate concentration in 7-day-old
broccoli (Brassica oleracea) sprouts (controlled environment, PPFD not mentioned) was enhanced by
19% after 1-day UV-B radiation at 7.0 pmol'm~2-s~! for 2 h-d~!, compared to 63% enhancement at 10.3
pumol-m~2-s~! for 2 h-d~1 [9].

Basil (Ocimum basilicum) plants have been considered a source of valuable healthy substances
due to their unique flavor and relatively high content of phenolic compounds [20,21]. To improve the
yield of high-quality basil, more growers are turning to controlled environment production, which
has been proven to be a suitable alternative to open field and greenhouse basil production, due to its
high environmental controllability and improved resource utilization efficiency (arable land and clean
water) [2,22]. However, crops cultivated in controlled environment systems using artificial lighting
are not exposed to UV-B radiation, bearing a direct impact on basil flavor and visual appearance [10].
Meanwhile, considering energy saving, the photosynthetic photon flux density (PPFD) in controlled
environment systems is much lower compared to sunlight intensity in open field, resulting in further
reduction of secondary plant metabolites [21]. Therefore, there is an increasing interest in the use of
supplemental UV-B radiation to enhance the synthesis of health-beneficial phenolic compounds to
produce premium quality basil products under controlled environment [3,23,24].

Although some studies investigated the effects of supplemental UV-B radiation on phytochemical
accumulation of basil plants, most studies were conducted in the open field or greenhouse using
photo-selective film covers, and results varied largely in both biomass production and phenolic
contents [25-27]. Meanwhile, most studies only focused on the effects of UV-B radiation on
secondary metabolites accumulation, not considering yield reduction caused by UV-B radiation [25,28].
Furthermore, considering the significantly low PPFD used in controlled environment systems, little
information is known about the interactive effects between supplemental UV-B radiation and PPFD.
Collectively, to identify the optimal combination of UV-B radiation dose and PPFD that enhance
concentrations of phenolic compounds without significant yield reduction, further investigation is
warranted to characterize the physiological, morphological, and biochemical responses in basil plants
to supplemental UV-B radiation and different PPFDs under a controlled environment.
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Accordingly, in the present study, we exposed two basil cultivars to five pre-harvest supplemental
UV-Bradiation doses in order to characterize plant responses to supplemental UV-B radiation under two
PPFDs in a controlled environment system. Photosynthetic photon flux density of 224 pumol-m~2-s71 for
basil plants was selected according to our previous study [21], and a low PPFD of 160 umol-m~2:s~! was
selected to test if UV-B radiation can compensate for the reduced accumulation of phenolic compounds
in basil plants grown under low PPFD.

2. Materials and Methods

2.1. Plant Materials and Culture

Experiments were conducted in a walk-in growth room in Texas AgriLife Research Center at El
Paso, TX, USA, from 8 August to 15 September 2017 on green basil ‘Improved Genovese Compact” and
from 5 September to 19 October 2017 on purple basil ‘Red Rubin’ (Johnny’s Selected Seeds, Winslow,
ME, USA), respectively. For both experiments, one basil seed per cell was sown in 72 square cell trays
(length 3.86 cm; height 5.72 cm; volume 59 cm’ ) with Metro-Mix® 360 (peat moss 41%, vermiculite
34%, pine bark 25%, Sun Gro® Horticulture, Bellevue, WA, USA). All trays were put under mist in a
greenhouse for germination. Temperature under the mist was maintained at 32.7 °C/22.2 °C day/night.
Seedlings were moved out from the mist after the emergence of cotyledons and grown in a greenhouse
for two weeks. Temperature and relative humidity in the greenhouse were maintained at 29.1 °C/21.6
°C and 48%/66% day/night, respectively. When one pair of true leaves fully expanded, basil seedlings
were transplanted into square pots (length 9.52 cm, height 8.26 cm, and volume 574 cm?) filled with
the Metro-Mix® 360, and uniform plants were selected and moved to the walk-in growth room for
different treatments.

After transplanting, multi-layer cultivating shelves were used with mechanical mini fans
(LS1225A-X, AC Infinity, City of Industry, CA, USA) circulating air to achieve uniform temperatures
across treatments. Plant canopy temperature in each treatment was maintained at 23.9 °C/21.2 °C
day/night. All plants were manually sub-irrigated with a nutrient solution containing 1.88 g-L ™! (277.5
ppm N) 15N-2.2P-12.5K (Peters 15-5-15 Ca-Mg Special, The Scotts Company, Marysville, OH, USA) as
needed. The nutrient solution was mixed and stored in a 100-gallon tank with a lid, and the electrical
conductivity (EC) and pH were adjusted to 2.0 dS'm~! and 6.0, respectively, using an EC/pH meter
(Model B-173, Horiba, Ltd., Japan).

2.2. Supplemental Ultraviolet B (UV-B) Radiation and Photosynthetic Photon Flux Density (PPFD) Treatments

Uniform green and purple basil plants were grown under two PPFDs of 160 and 224 pmol-m~2-s™!

with a 16-h photoperiod provided by cool white fluorescent lamps (Philips Lighting, Somerset, NJ,
USA). Two or five days prior to harvest (basil plant height reaching about 25 cm), UV-B lamps were
switched on and basil plants were treated with one of the five UV-B radiation doses including no
supplemental UV-B radiation (control), 1 h-d~! for 2 days (1H2D), 2 h-d~! for 2 days (2H2D), 1 h-d~* for
5days (1H5D), or 2 h-d ! for 5 days (2H5D) with UV-B light intensity at 16.0 umol'm~2:s~! (equal to 18.7
kJ-m~2-h~1). There were a total of 10 treatments created by the combination of two PPFDs and five UV-B
radiation doses, and 12 plants per treatment. Supplemental UV-B radiation treatments were applied
from 8:00 in the morning and provided by Philips TL 40W/12 and 20W/12 UV-B broadband lamps
(wavelength: 270-400 nm, maximum emission wavelength at 315 nm, Svetila.com d.o.o0., Domzale,
Slovenia, EU). The cool white fluorescent lamps at PPFD of 160 and 224 pmol-m~2-s~! radiated low
intensity of UV radiation, which was 2.2 and 2.5 pmol-m~2-s7}, respectively. The UV-B light intensity
(including UV radiation provided by broadband UV-B lamps and cool white fluorescent lamps) and
PPFD in each treatment were measured at 15 cm underneath the lamps at 9 spots using a MU-200
UV radiation meter (Apogee Instruments, Logan, UT, USA) and PS-100 spectroradiometer (Apogee
Instruments, Logan, UT, USA), respectively, before placing the plants. To minimize the disproportionate
light distribution within each treatment, all plants were systematically rearranged every 3 days.
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2.3. Measurements

2.3.1. Growth Parameters

Growth parameters of basil plants such as plant height, width, the number of internodes, leaf
area, and yield including shoot fresh weight (FW) and dry weight (DW) were recorded at harvest
(on 15 September and 19 October 2017 for green and purple basil plants, respectively). Plant width
was calculated as the average of the widest point and its perpendicular width of plant canopy. A leaf
area meter (LI-3100, LI-COR, Lincoln, NE, USA) was used to measure the leaf area. Shoot DW was
determined after shoot tissues were dried at 80 °C in an oven (Grieve, Round Lake, IL, USA) for 3 days.
Specific leaf area (leaf area per unit leaf dry weight) was calculated as an indicator of leaf thickness.

2.3.2. Gas-Exchange Rate, Relative Chlorophyll Concentration, and Chlorophyll Fluorescence

A portable gas exchange analyzer (CIRAS-3, PP Systems International, Amesbury, MA, USA) was
used to measure the gas exchange rate, including net photosynthetic rate (Py), transpiration rate (E),
and stomatal conductance (Gs) of basil leaves at harvest. A PLC3 leaf cuvette with light-emitting diode
(LED) light unit (white light, in which the proportions of red, blue, and green light were 38%, 25%, and
37%, respectively) was used. The PPFD, temperature, relative air humidity, and CO, concentration
inside the leaf cuvette were set at 800 pumol-m~2-s71, 25 °C, 50%, and 390 pmol-mol~?, respectively.
The third pair of leaves from the top was used for measuring and measurements were taken until the
Py, reached a steady state.

Soil plant analysis development (SPAD) index of basil leaves was recorded on the third pair of
leaves from the top at harvest to quantify the relative chlorophyll concentration of basil leaves using a
chlorophyll meter SPAD-502 (Konica-Minolta cooperation, Ltd., Osaka, Japan). Three measurements
were taken for each leaf and the average was recorded for data analysis.

Chlorophyll fluorescence parameters of basil plants were measured at harvest using a pocket
Plant Efficiency Analyzer chlorophyll fluorimeter (PEA, Hansatech Instruments Ltd., Norfolk, UK).
The third pair of leaves from the top were dark adapted for at least 30 min prior to the measurement.
Minimal fluorescence values (Fp) and maximal fluorescence values (F,) in the dark-adapted state
were measured, and maximum quantum use efficiency of photosystem II (PSII) in the dark-adapted
state was calculated as Fy/F, = (Fn — Fy)/Fm. Performance index (PI ABS, where “ABS” specifies
that the reaction centers’ density is expressed per absorption), dissipation of energy per cross section
(DIp/CS), trapped energy flux per cross section (TR(/CS), and electron transport flux per cross section
(ETo/CS) parameters were calculated using the PEA Plus software (V1.10, Hansatech Instruments Ltd.,
Norfolk, UK).

2.3.3. Secondary Plant Metabolites

Five basil plants were randomly selected for the measurement of concentrations of anthocyanin,
phenolics, and flavonoids, and antioxidant capacity of basil leaves at harvest. Fresh basil leaves were
collected in a cooler and immediately stored in a deep freezer (IU1786A, Thermo Fisher Scientific,
Marietta, OH, USA) at —80 °C until phytochemical evaluation.

Extraction. Approximately 2 g fresh basil leaves were ground in liquid nitrogen and extracted with
15 mL 1% acidified methanol at 4 °C in dark. After overnight extraction, the mixture was centrifuged
(Sorvall RC 6 Plus Centrifuge, Thermo Fisher Scientific, Madison, WI, USA) at 13,200 rpm (26,669X% &)
for 15 min, and the supernatant was collected for phytochemical evaluation [29].

Anthocyanin evaluation. Absorbance of the extract was measured at 530 nm using a
spectrophotometer (Genesys 10S ultraviolet/Vis, Thermo Fisher Scientific, Madison, WI, USA), and
anthocyanin concentration was expressed as mg cyanidin-3-glucoside equivalent per 100 g FW of basil
leaves using a molar extinction coefficient of 29,600 [30].

Phenolics evaluation. A modified Folin-Ciocalteu reagent method [29] was used to determine the
phenolics concentration of basil leaves: 100 puL extraction sample was added to a mixture of 750 pL
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1/10 dilution Folin—Ciocalteau reagent and 150 pL distilled water. After 6 min reaction, 600 pL 7.5%
Na;CO3 was added and the mixture was incubated at 45 °C in a water bath for 10 min before the
absorbance was measured at 725 nm using a microplate reader (ELx800, BioTek, Winooski, VT, USA).
Results were shown as mg of gallic acid equivalent per g FW of basil leaves.

Flavonoids evaluation. Flavonoid concentration of basil leaves was determined [21] as the
following: 20 pL extraction sample was added to a mixture of 85 uL distilled water and 5 uL 5%
NaNO,. After 6 min reaction, a 10 uL of 10% AlCl3-6H,O was added to the mixture. After another
5 min reaction, 35 uL of 1M NaOH and 20 pL distilled water were added to the mixture and the
absorbance was measured at 520 nm using the aforementioned microplate reader. Results were shown
as mg of (+)-catechin hydrate equivalent per g FW of basil leaves.

Antioxidant capacity evaluation. A 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonicacid) (ABTS)
method [31] was used to determine the antioxidant capacity of basil leaves: 150 uL extracted sample
was added to 2.85 mL of ABTS™ solution and incubate at room temperature for 10 min. The absorbance
of mixed solution was measured at 734 nm using the aforementioned spectrophotometer. Results were
shown as mg of Trolox equivalent antioxidant capacity per 100 g FW of basil leaves.

2.4. Statistical Analyses

Experiments were arranged in a two factors factorial design. Five plants per treatment were
randomly selected for measurement. After verifying the significance of the two main factors (UV-B and
PPFD) and their interaction (PPFD x UV-B), a one-way analysis of variance among 10 treatments was
conducted for green and purple basil plants, respectively, according to Student’s f method (p < 0.05).
Some data were pooled from two PPFDs because effect of PPFD was not statistically significant.
Pairwise correlations method (p < 0.05) was used to test correlations between parameters. All statistical
analyses were performed using JMP software (Version 13, SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Gas Exchange Rate, Relative Chlorophyll Concentration, and Chlorophyll Fluorescence

Supplemental UV-B radiation suppressed plant photosynthesis, in which Py, E, and Gs in both
basil cultivars were lower compared to plants grown under control, while PPFD showed no effects
(Table 1). In green and purple basil leaves, Py, E, and Gs was 68%/70%, 55%/68%, and 65%/76% lower
under treatment 2H5D compared to plants grown under control, respectively. Relative chlorophyll
concentration of green and purple basil plants was 9%-15% and 6%—-8% lower under supplemental
UV-B radiation compared to plants grown under control, respectively, while PPFD showed no effect on
green basil plants but increased relative chlorophyll concentration in purple basil plants (Figure 1).

Supplemental UV-B radiation inhibited plant chlorophyll fluorescence parameters in green basil
plants, including F,/F, and PI ABS. However, in purple basil plants, F,/Fr, showed no differences
between control and 1H2D treatment, and PI ABS was only lower under the highest UV-B radiation
dose, 2H5D treatment (Figure 2A,B). Similarly, TRy/CS and ETy/CS in green basil plants were lower after
UV-B radiation, while they were not affected by UV-B radiation in purple basil plants (Figure 2D,E). On
the contrary, DIp/CS in purple basil plants was significantly higher under treatments 1H5D and 2H5D,
while in green basil plants no treatment effect was observed (Figure 2C). Chlorophyll fluorescence
parameters in basil plants were not affected by PPFD.
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Table 1. Net photosynthetic rate (Pp), transpiration rate (E), and stomatal conductance (Gs) of green
basil ‘Improved Genovese Compact’ and purple basil ‘Red Rubin” plants under five supplemental
UV-B radiation treatments, including no supplemental UV-B radiation (control), 1 h-d~! for 2 days
(IH2D), 2 h-d~! for 2 days (2H2D), 1 h-d~! for 5 days (1H5D), and 2 h-d~! for 5 days (2H5D).

Cultivar  Treatment P, (umol-m—2-s-1)

E (mmol'm—2-s71)

Gs (mmol'm—2-s71)

Control 13.2 az 2.76 a 130 A

1H2D 78 B 1.74 be 79 B

Green 2H2D 8.5 B 1.93 b 93 ab
Basil 1H5D 7.4 B 1.82 b 71 B
2H5D 42 C 1.24 c 46 C

Control 74 A 2.73 A 131 A

1H2D 43 B 1.49 B 60 B
Purp.lle 2H2D 3.1 C 1.20 B 4 CD
Basi 1H5D 3.8 BC 1.33 B 49 BC
2H5D 22 D 0.86 C 31 D

Data were pooled from two photosynthetic photon flux density (PPFD) treatments. * Means followed by the same
lower/upper case letters are not significantly different for green/purple basil plants, according to Student’s ¢ mean

comparison (p < 0.05).

60

= Green basil @Purple basil

50
40

30

SPAD

20
10

Q
5
o

Q
N o

&

&

™/

Q Q
Y
™/ ™/

"\,b‘/

SIS

e o

N A
r{),b(/

Figure 1. Relative chlorophyll concentration (soil plant analysis development (SPAD) index) of green
basil ‘Improved Genovese Compact” and purple basil ‘Red Rubin” plants at different treatments.
There were 10 treatments created by the combination of two photosynthetic photon flux density
(PPFD) of 160 and 224 pmol-m~2:s~! and five ultraviolet B (UV-B) radiation treatments, including no
supplemental UV-B radiation (control), 1 h-d~! for 2 days (1H2D), 2 h-d~! for 2 days (2H2D), 1 h-d~!
for 5 days (1H5D), and 2 h-d~! for 5 days (2H5D). Means followed by the same lower/upper case letters
are not significantly different for green/purple basil plants, according to Student’s  mean comparison

(p < 0.05). Bars represent standard errors.

3.2. Growth Parameters and Crop Yield

Supplemental UV-B radiation inhibited plant growth in both basil cultivars and performed as
lower plant height, width, and leaf area, and the detriment increased with increasing UV-B radiation
doses (Table 2). Specifically, under high PPFD (224 umol-m~2-:s7!), plant height of both basil cultivars
was the highest under treatments control and 1H2D, followed by treatments 2H2D and 1H5D, and the
lowest under treatment 2H5D. Leaf area of green/purple basil plants was 14%/17%, 28%/30%, 28%/34%,
and 44%/44% lower, respectively, under treatments 1H2D, 2H2D, 1H5D, and 2H5D compared to control.
Specific leaf area (leaf area per unit leaf dry weight) was calculated and used as an indicator of leaf
thickness. In the present study, specific leaf area of both basil cultivars was lower under supplemental
UV-B radiation, indicating increased leaf thickness after supplemental UV-B radiation (Table 2). Under
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higher UV-B radiation doses such as 1H5D and 2H5D treatments, basil plants also showed leaf bronze,
1.00

chlorosis, waxy appearance, and premature leaf defoliation (Figure 3).
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Table 2. Plant height, width, leaf area, and specific leaf area of green basil ‘Improved Genovese
Compact” and purple basil ‘Red Rubin” plants under different treatments. There were 10 treatments
created by the combination of two photosynthetic photon flux density (PPFD) levels of 160 and 224
pmol-m~2-s~! and five UV-B irradiation treatments including control, 1H2D, 2H2D, 1H5D, 2H5D.

. Height Width Leaf Area Specific Leaf
Cultivar. Treatment (Crﬁ) (cm) (cm?2) A rI:_ a (cm?- g1)
160_Control 183 bc* 119 ab 520 bc 531 a
160_1H2D 17.8 Cd 12.1 ab 453 cdef 497 abc
160_2H2D 16.7 D 11.6 bc 420 ef 528 a
160_1H5D 17.2 Cd 11.7 b 421 def 502 ab
160_2H5D 14.4 E 106 d 315 g 446 d
Green Basil 224 _Control 21.7 A 12.1 ab 687 a 454 d
224 _1H2D 21.3 A 123 a 591 b 513 a
224 2H2D 19.6 B 123 a 497 cd 477 bed
224 _1H5D 19.6 B 12.0 ab 494 cde 466 cd
224 _2H5D 16.7 d 11.0 cod 387 fg 450 d
PPFD R4 *% L R4
UV_B R4 k% L s
PPFD x UV-B NS NS NS **
160_Control 15.6 BC 160 A 261 BC 610 A
160_1H2D 15.4 C 155 A 217 DE 553 BC
160_2H2D 15.1 C 154 A 212 DE 575 AB
160_1H5D 14.6 C 152 A 221 D 545 BC
160_2H5D 12.9 D 138 B 176 F 530 C
Purple Basil 224 Control  17.7 A 160 A 332 A 558 BC
224 1H2D 17.2 A 16.1 A 274 B 542 BC
224 2H2D 16.8 AB 157 A 233 CD 531 CD
224 _1H5D 15.5 BC 160 A 219 DE 534 C
224 _2H5D 14.6 C 140 B 187 EF 490 D
PPFD k% NS *AK e
UV_B EE L LT L3 EE
PPFD x UV-B NS NS * NS

* Means followed by the same lower/upper case letters are not significantly different for green/purple basil plants,
according to Student’s t mean comparison (p < 0.05). Asterisks (*) indicate significant differences (* p < 0.05;
**p < 0.01; ** p < 0.001). NS indicates non-significant differences (* p < 0.05).

PPFD
(pmol m2 s1)

Co
&

160

Figure 3. Green basil Improved Genovese Compact” and purple basil ‘Red Rubin’ plants under different
treatments at harvest. There were 10 treatments created by the combination of two photosynthetic
photon flux density (PPFD) levels of 160 and 224 pmol-m~2-s71 and five UV-B radiation treatments
including control, 1H2D, 2H2D, 1H5D, 2H5D.
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Shoot FW and DW of green and purple basil plants were generally lower in plants grown under
supplemental UV-B treatments, and interactive effects (UV-B x PPFD) were observed on shoot FW
(p = 0.01) and shoot DW (p = 0.02) in purple basil plants, while only interactions in shoot DW were
observed in green basil plants (p = 0.03). Specifically, under low PPFD (160 pmol-m~2-s7!), treatment
1H2D showed no effects on shoot FW in green basil plants. So did the 1H2D and 1H5D treatments in
purple basil plants, while under high PPFD (224 umol-m~2-s71), shoot FW in both cultivars was lower
under UV-B treatments compared to control (Figure 4A,B).
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Figure 4. Shoot fresh weight and shoot dry weight of green basil Improved Genovese Compact’ plants
(A), and purple basil ‘Red Rubin’ plants (B) under different treatments. There were 10 treatments created
by the combination of two photosynthetic photon flux density (PPFD) of 160 and 224 umol-m~2-s7!
and five UV-B radiation treatments including control, 1H2D, 2H2D, 1H5D, 2H5D. Means followed by
the same lower/upper case letters are not significantly different for green/purple plants, according to
Student’s  mean comparison (p < 0.05). Bars represent standard errors.

Plant height, leaf area, leaf thickness, shoot FW, and shoot DW in both basil cultivars were higher
under high PPFD (Table 2, Figure 4A,B). Without supplemental UV-B treatments, plant height, leaf
area, leaf thickness, shoot FW, and shoot DW in green/purple basil plants were 16%/12%, 24%/21%,
15%/9%, 44%/34%, and 59%/35% higher under high PPFD (224 umol-m~2:s7!) compared to plants
grown under low PPFD (160 pmol-m~2-s71), respectively.

3.3. Secondary Plant Metabolites Accumulation and Antioxidant Capacity

Concentrations of phenolic compounds in green basil plants, including anthocyanin, phenolics,
and flavonoids were 9%-23%, 28%-126%, and 80%-169% greater, respectively, after UV-B radiation
compared to control (Table 3). Concentrations of anthocyanin and flavonoids in green basil plants were
not affected by PPFD, while phenolics concentration was greater under high PPFD (224 pmol-m2-s71).
In purple basil plants, only 2 h-d~! UV-B treatments (2H2D and 2H5D) enriched concentrations of
phenolics and flavonoids, while UV-B treatments showed no effects on anthocyanin concentration
(Table 3). Specifically, under 2H2D and 2H5D treatments, concentrations of phenolics and flavonoids in
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purple basil plants were 29%—-63% and 37%-79% greater, respectively. Concentrations of anthocyanin
and phenolics in purple basil plants were greater under high PPFD (224 umol'-m~2-s71), while flavonoid
concentration was not affected by PPFD (Table 3).

Table 3. Anthocyanin concentration (conc.), phenolics conc., and flavonoids conc. of green basil
‘Improved Genovese Compact” and purple basil ‘Red Rubin’ plants under different treatments. There
were 10 treatments created by the combination of two photosynthetic photon flux density (PPFD) of 160
and 224 pmol~m‘2~s_1 and five UV-B radiation treatments including control, 1H2D, 2H2D, 1H5D, 2H5D.

Cultivar Treatment Anthocyanin Conc. Phenolics Conc.  Flavonoids Conc.
(mg-100g~1 FW) (mg-g~1 FW) (mg-g~1 FW)
160_Control 3.19 d? 1.10 E 0.45 e
160_1H2D 3.68 Abcd 1.41 De 0.92 cd
160_2H2D 3.92 A 1.48 D 0.81 d
160_1H5D 3.49 Abcd 1.68 Cd 1.00 abcd
160_2H5D 3.87 Ab 2.49 A 121 a
Green Basil 224 Control 3.29 Cd 1.38 De 0.54 e
224 1H2D 3.39 Bed 2.06 B 0.97 bed
224 2H2D 3.78 abc 1.95 Be 0.99 abed
224 1H5D 3.35 bed 213 Ab 1.15 abc
224 2H5D 3.89 ab 2.34 Ab 1.19 ab
PPFD NS o NS
UV_B *3% %% *%%
PPFD X
UV-B NS NS NS
160_Control ~ 10.63 A 2.06 CD 0.94 CD
160_1H2D 11.02 A 1.63 E 0.82 D
160_2H2D 10.84 A 2.66 B 1.41 B
160_1H5D 10.74 A 2.18 C 1.14 C
160_2H5D 10.75 A 3.35 A 1.68 A
Purple Basil 224 Control  10.97 A 2.03 CD 1.04 C
224 1H2D 11.43 A 1.93 CD 1.09 C
224 2H2D 10.97 A 2.62 B 1.49 B
224 1H5D 10.85 A 1.85 DE 1.03 C
224 2H5D 11.07 A 2.85 B 1.42 B
PPFD * * NS
UV_B NS *A% %%
PPFD X - -
UV-B NS

* Means followed by the same lower/upper case letters are not significantly different for green/purple basil plants,
according to Student’s t mean comparison (p < 0.05). Asterisks (*) indicate significant differences (* p < 0.05;
**p < 0.01; ** p < 0.001). NS indicates non-significant differences (* p < 0.05).

The total amounts of phytochemicals per plant (i.e., anthocyanin, phenolics, and flavonoids) were
calculated by multiplying the phytochemical concentrations by leaf FW per plant (Table 4). Under low
PPFD (160 umol-m~2:s71), total amount of anthocyanin in green basil plants was 23% lower under
treatment 2H5D compared to control, while total amounts of phenolics and flavonoids were 49%—-79%%
greater (Table 4). Under high PPFD (224 umol-m~2-s71), total amounts of anthocyanin and phenolics in
green basil plants were 15%-39% lower under supplemental UV-B treatments compared to control,
while total amount of flavonoids was 43%—44% higher under treatments 1H2D and 1H5D compared to
control (Table 4). In purple basil plants, all supplemental UV-B radiation treatments showed negative
or no effects on the total amount of phenolic compounds regardless of PPFD (Table 4).
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Table 4. Total amount of anthocyanin, phenolics, and flavonoids per plant of green basil ‘Improved
Genovese Compact” and purple basil ‘Red Rubin’ plants under different treatments. There were 10
treatments created by the combination of two photosynthetic photon flux density (PPFD) of 160 and
224 pmol'm~2-s7! and five UV-B radiation treatments including control, 1H2D, 2H2D, 1H5D, 2H5D.

Total Amount of Total Amount of  Total Amount of
Cultivar. Treatment Anthocyanin Phenolics Flavonoids
(mg-plant-1) (mg-plant-1) (mg-plant~1)
160_Control 0.47 cde # 16.0 d 6.6 d
160_1H2D 0.47 Cde 18.0 d 11.8 b
160_2H2D 0.42 Def 16.0 d 8.8 cd
160_1H5D 0.40 Ef 19.2 cd 114 bc
. 160_2H5D 0.36 F 23.8 bc 11.6 bc
Green Basil
224_Control 0.67 A 28.4 ab 10.8 bc
224 _1H2D 0.55 Bc 33.2 a 15.4 a
224 2H2D 0.59 Ab 25.6 b 12.8 ab
224 _1H5D 0.52 Bed 31.0 a 15.6 a
224 2H5D 0.41 Ef 24.0 bc 12.2 b
160_Control 0.63 C 12.0 BC 5.6 DE
160_1H2D 0.58 D 8.6 E 4.2 F
160_2H2D 0.51 E 12.6 BC 6.0 CDE
160_1H5D 0.57 D 11.0 CD 5.2 EF
Purple Basil 160_2H5D 0.38 G 114 BC 5.6 DE
224_Control 0.83 A 154 A 8.0 A
224 1H2D 0.72 B 12.2 BC 7.0 ABC
224 2H2D 0.57 D 13.0 B 7.2 AB
224 _1H5D 0.54 D 94 DE 5.4 DE
224 _2H5D 0.47 F 12.2 BC 6.4 BCD

* Means followed by the same lower/upper case letters are not significantly different for green/purple basil plants,
according to Student’s t mean comparison (p < 0.05).

Antioxidant capacity in basil plants were not affected by PPFDs. Antioxidant capacity in green
basil plants was higher under all supplemental UV-B radiation treatments, while it was only higher
under 2 h-d™! UV-B treatments (2H2D and 2H5D) in purple basil plants (Figure 5A). Correlation
between antioxidant capacity and UV-B radiation doses was analyzed in three terms according to
different UV-B radiation patterns, all UV-B treatments (Figure 5A), 1 h-d~! UV-B treatments (1IH2D and
1H5D, Figure 5B), and 2 h-d~! UV-B treatments (2H2D and 2H5D, Figure 5C). Antioxidant capacity in
green basil plants were all positively related to UV-B radiation doses regardless of radiation patterns,
while antioxidant capacity in purple basil plants showed no correlation with 1 h-d=! UV-B radiation
treatments (1H2D and 1H5D, p = 0.1994).

Correlation between antioxidant capacity with concentrations of phenolic compounds was
analyzed in basil plants. In green basil plants, concentrations of anthocyanin, phenolics, and flavonoids
were all positively related to antioxidant capacity (Figure 6A). In purple basil plants, concentrations
of phenolics and flavonoids were positively related to antioxidant capacity, while anthocyanin
concentration showed no relationship (p = 0.8812) (Figure 6B).
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4. Discussion

4.1. Impacts of UV-B and PPFD on Photosynthesis, Relative Chlorophyll Concentration, and Chlorophyll
Fluorescence

Photosynthesis is one of the most sensitive metabolic processes in plants responding to
environmental condition changes, such as supplemental UV-B radiation and PPFD. In the present
study, Py, in basil leaves was lower after UV-B radiation, which was mainly caused by the direct
damage of PSII components and led to reduced photosynthetic capacity, subsequently decreased
Gs [32-34]. Meanwhile, relative chlorophyll content in basil leaves was also lower after UV-B
radiation, either through degradation or inhibition of enzymes involved in the chlorophyll biosynthetic
pathways [34]. However, compared to depressed photosynthesis and reduced chlorophyll content
by supplemental UV-B radiation in our study, a meta-analysis of field studies (more than 450 reports
from 62 papers) reported unaffected photosynthesis and chlorophyll content after supplemental UV-B
radiation [35]. Differences between our study (controlled environment with artificial lighting) from
previous field studies (sunlight) probably resulted from significantly low PPFDs and relatively high
UV-B proportion used in our study. Firstly, in controlled environment systems, due to the high
cost of powering artificial lighting, lower PPFDs are normally used compared to that of sunlight
intensity in an open field. Subsequently, lower PPFDs resulted in depressed photochemical protection
system of plants, such as decreased photosynthetic capacity, decreased leaf thickness, and reduced
concentrations of UV-absorbing agents [21], which aggravated the negative effects caused by UV-B
radiation. Secondly, the damage caused by UV-radiation increases with decreasing UV wavelength,
since short UV wavelength has more energy than long UV wavelength [36]. The UV component of
sunlight consists of 95% UV-A and 5% UV-B, of which the small portion UV-B radiation shows stronger
mutagenic and carcinogenic effects compared to UV-A radiation [36,37]. For example, a less prominent
and less long-lasting activation of p53 gene (“guardian of the genome”) after UV-A radiation compared
to UV-B was observed, suggesting stronger effects of UV-B radiation than UV-A [36]. In the present
study, the UV radiation provided by broadband UV-B lamps was mainly UV-B radiation with relatively
low UV-A radiation, contributing to aggravated negative effects on plant photosynthesis compared to
previous field studies, of which mainly consists of UV-A radiation.

Chlorophyll fluorescence parameters provide precise and objective information with regard to
photochemical efficiency and non-photochemical de-excitation involved in the conversion of light
energy under different conditions [28,38]. The less reduced Fv/Fm, PI ABS, TRy/CS, and ET/CS after
UV-B radiation in purple basil plants than green basil plants clearly indicate that purple basil plants
are more tolerant to UV-B radiation, resulted from its improved capacity to process excess UV-B energy
through PSII [39]. Meanwhile, the uninfluenced DIp/CS under UV-B treatments in green basil plants
suggests its inability to dissipate absorbed UV-B energy in the form of harmless heat, even under
the smallest UV-B radiation dose, 16.0 umol-m~2-s~! at 1 h-d~! for 2 days, while purple basil plants
coped with excess UV-B energy by increasing heat dissipation. Mosadegh et al. (2018) also reported
that the DIy/CS of green basil plants was not affected after 2-weeks UV-B radiation at 68 and 102
kJ'm~2.d~!, confirming that green basil plants failed to dissipate UV-B energy as harmless heat [28].
Differences in chlorophyll fluorescence parameters between green and purple basil plants may be due
to the relatively higher concentrations of UV-protective antioxidants in purple basil plants such as
anthocyanins, phenolics, and flavonoids, which are known to provide plants with strong protection
from excess UV-B energy [40].

In our previous study, the gas exchange rate in green basil plants was positively correlated with
PPFD [21], while it was not affected in the present study. This may be due to the large variation of
Ppn, E, and G caused by UV-B radiation at each PPFD. In green basil plants, Py, ranged from 3.7 to
12.6 umol-m~2-s! at low PPFD (160 umol-m~2-s71), and ranged from 4.8 to 13.8 umol-m~2-s71 at high
PPFD (224 umol-m~2:s71). Also, it was observed that the Py, in purple basil plants was much lower
compared to the P, in green basil plants. One hypothesis is that the differences between two cultivars
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is due to the lower quantum efficiency of photosynthetically active radiation (PAR) in purple basil
plants compared to green basil plants. In purple basil plants, the relatively high concentration of
anthocyanins and flavonoids absorbs more PAR light, which decreases the absorption of PAR light by
chloroplasts and subsequently decreases the photochemistry energy transferred to reaction centers,
resulting in decreased P, in purple basil plants compared to green basil plants [41].

4.2. Impacts of UV-B and PPFD on Growth and Yield

Plant leaf expansion is invariably inhibited by supplemental UV-B radiation and other leaf
morphogenesis changes such as reduced leaf area, increased leaf thickness, and accumulation of leaf
surface waxes are also observed across a range of plant species [14,42,43]. Internode length is also
a very sensitive growth parameter that responds to UV-B radiation [44]. Kaiserli (2018) reported
that most cell-wall elongation genes induced by BRI1-EMS-SUPPRESSOR 1 (BES1) are negatively
regulated by UV-B radiation [45]. Meanwhile, the biosynthesis and signaling of plant growth hormone
auxin, a key regulator of stem elongation, was also suppressed in arabidopsis (Arabidopsis thaliana) and
coriander (Coriandrum sativum) plants after UV-B radiation, thereby reducing plant stem elongation
and promoting a compact phenotype [46]. In the present study, similar results such as reduced leaf
area, increased leaf thickness, accumulation of leaf surface waxes, and reduced leaf internode length
were observed, which are plant acclimation responses to supplemental UV-B radiation. In addition to
protecting plants from receiving excess UV-B energy, these acclimation responses also provide plants
with improved tolerance to other adverse environmental conditions, such as heat stress and mechanical
handling during postharvest [6,47,48].

Reduced gas exchange rate and leaf expansion, and inhibition of stem elongation of basil plants
under supplemental UV-B radiation resulted in a reduction in plant size and yield. The greater yield
reduction by the UV-B radiation under high PPFD than low PPFD may be due to its taller plants, which
shortened the distance between basil plants and UV-B light tube, resulting in increased UV-B radiation
intensity sustained by basil plants, and subsequently severer yield reduction.

4.3. Impacts of UV-B and PPFD on Phytochemical Accumulation and Antioxidant Capacity

Across a range of plant species, phenolic compounds, especially flavonoids, act as efficient
UV-screening agents to reduce excess UV light received by photosynthetic tissues to protect plants
from possible harm [40,49]. Enhanced accumulation of phenolic compounds by supplemental UV-B
radiation has been supported by a large body of experimental evidence [50,51], which was confirmed in
this study. Ghasemzadeh et al. (2016) reported that total phenolic and flavonoid content in green basil
plants increased by 16% and 85%, respectively, after a 13 kJ-m~2-h~! post-harvest UV-B radiation for
4-10 h, but anthocyanin content was not measured [52]. It was also reported that upon supplemental
UV-B radiation, the gene expression of phenylalanine ammonia lyase (PAL) and chalcone synthase
(CHS), two key molecular markers for phenolic compounds biosynthesis increased significantly [46,53].
Noticeably, in the present study, the enhancement of flavonoids and phenolics by UV-B radiation was
much greater than anthocyanin. Consistently, antioxidant capacity was significantly correlated with
concentrations of phenolics and flavonoids in both basil cultivars, while marginally or not correlated
to anthocyanin concentration. This might be due to the higher ROS-scavenging capacity of phenolics
and flavonoids than anthocyanins, resulting in more sensitive reactions of phenolics and flavonoids
to UV-B radiation [54]. Csepregi et al. (2017) also reported such differential regulation of different
phenolic compounds by UV-B radiation, in which quercetins with additional hydroxyl group on ring-B
increased up to 10 folds while kaempferol increased 3—4 fold, due to their different ROS-scavenging
capacity [55].

Enhancement of phenolic compounds after UV-B radiation was greater in basil plants grown
under low PPFD compared to those grown under high PPFD, indicating basil plants are more sensitive
to UV-B radiation under low PPFD. In a similar way, Behn et al. (2010) reported that under low PPFD
(550 pmol'm~2-s71), essential oil quality in peppermint plants was improved in terms of an enhanced
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menthone to menthol conversion after UV-B radiation, while not affected by UV-B treatment under
high PPFD (1150 pmol-m~2:s71) [56]. As mentioned, this may be due to a depressed photochemical
and biochemical protection system of plants grown under low PPED, such as lower leaf thickness and
reduced concentrations of UV-absorbing agents [21]. As we hypothesized, concentrations of phenolic
compounds in basil plants grown under low PPFD with UV-B radiation was significantly higher
compared to those of plants grown under high PPFD without UV-B radiation, suggesting that UV-B
radiation could be used as a tool to compensate for reduced accumulation of phenolic compounds in
basil plants grown under controlled environment.

Similar to plant responses on chlorophyll fluorescence, different responses in phytochemical
accumulation between green and purple basil plants were also observed. Specifically, purple basil plants
showed fewer biochemical changes than green basil plants after UV-B radiation, which performed as
unaffected anthocyanin concentration and less induction of phenolics and flavonoids. Our hypothesis
is that the relatively high concentrations of phenolic compounds in purple basil plants act as potent
UV-screening agents as well as free-radical scavengers to protect purple basil plants from excess
UV-B light. Under high PPFD without UV-B treatment, concentrations of anthocyanin, phenolics, and
flavonoids and antioxidant capacity in purple basil leaves were 3.33, 1.47, 1.93, 3.72 times those in
green basil leaves, respectively. This hypothesis was confirmed by Tattini et al. (2014), in which he
reported that purple basil ‘Red Rubin’ showed lower metabolic cost of photoprotective mechanisms
than green basil ‘Tigullio” when being moved from 30% to 100% sunlight condition [57].

4.4. Impacts of UV-B Radiation Doses and Radiation Patterns on Phytochemical Accumulation and Antioxidant
Capacity

With the radiation doses and different radiation patterns used in the present study, green basil
plants were more dose-dependent, while purple basil plants were both dose-dependent and radiation
pattern-dependent. Antioxidant capacity in green basil plants was significantly correlated with the
UV-B radiation dose for both 1 h-d~! and 2 h-d~! UV-B radiation patterns, while antioxidant capacity
in purple basil plants was not affected by 1 h-d~! UV-B radiation treatments. With the similar UV-B
radiation dose (1H5D and 2H2D treatments), after 1 h-d~! UV-B radiation treatments, the recovery
time until next day treatment (23 h) allowed purple basil plants’ signaling and metabolic adaptation
to (at least partially) reset to pre-stress level, without increasing phenolic compounds accumulation,
while after 2 h-d~! UV-B radiation (recovery time of 22 h until next treatment), purple basil plants
failed to recover from UV-B radiation stress and resulted in an overall increase of phenolic compounds
to cope with excess UV-B energy. This indicated that radiation patterns play an important role in
regulating purple basil responses to UV-B radiation, while radiation dose is the determining factor in
regulating green basil biochemical responses. Mosadegh et al. (2018) also reported that with the same
UV-B radiation dose of 102 k]-m~2, phenolics concentration of green basil ‘Genovese’ was the same
level regardless of UV-B radiation pattern, continuous 1-d UV-B radiation or discontinuous 6-d UV-B
radiation [28]. However, at lower UV-B radiation doses of 8.5, 34, and 68 kJ]-m~2, when ‘Genovese’
green basil plants were treated with the same UV-B radiation dose, continuous 1-d UV-B radiation
resulted in significant higher phenolics concentration compared to plants treated with discontinuous
6-d UV-B radiation [28]. Thus, plant responses to UV-B radiation in green basil plants may also depend
on radiation patterns, which are affected by the total UV-B radiation dose.

4.5. Implications of Study Findings

Different plant responses to UV-B radiation are observed in studies conducted in the open field
with sunlight than in a controlled environment with artificial lighting, due to different PPFDs and
components of UV radiation [13,35,58,59]. The novel finding of the present study is that plants grown
under a controlled environment with lower PPFDs are more sensitive to UV-B radiation. Therefore,
for future studies under a controlled environment, a lower UV-B radiation dose should be applied to
reduce its negative effects on plant photosynthesis, growth, or yield. Furthermore, we see differential
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responses in green and purple basil plants to UV-B radiation doses and radiation patterns. Therefore,
to better understand plant responses to supplemental UV-B radiation, more plant species/cultivars,
lower radiation doses, and different radiation patterns need to be investigated in future studies.

Plant acclimation responses to supplemental UV-B radiation lead to plant cross-protection against
other environmental stresses, through photochemical, morphological, and biochemical mechanisms [60].
For example, UVR8 was recently shown to be involved in regulating thermomorphogenesis,
shade-avoidance responses, and plant immunity, underlining the importance of signaling crosstalk
among UV-B radiation, hormone, and defense pathways [47,61]. As a result, supplemental UV-B
radiation could be used as a tool to improve plant tolerance to other adverse environmental conditions,
and interactions between supplemental UV-B radiation and other key environmental factors still need
to be studied.

5. Conclusions

Results of the present study suggest that a short period of pre-harvest supplemental UV-B radiation
could significantly improve phytochemical concentrations in basil plants, and plant responses to
UV-B radiation vary among plant cultivars, radiation doses, and radiation patterns. Meanwhile,
effects of UV-B radiation on basil plants interacted with PPFDs used in the cultivation system, and
high PPFD improved plant tolerance to UV-B radiation. Also, supplemental UV-B radiation could
compensate for the reduced accumulation of phenolic compounds in basil plants grown under low
PPED. Therefore, combining plant growth performance, yield, and accumulation of health-promoting
phenolic compounds, a pre-harvest UV-B radiation of 1 h-d~! for 2 days under a PPFD of 224
2.57! was recommended for green basil ‘Improved Genovese Compact’ production under a
controlled environment. However, supplemental UV-B radiation doses used in this study decreased
the total amount of phenolic compounds in purple basil plants due to yield reduction, and UV-B
radiation is not recommended for purple basil ‘Red Rubin’ production under a controlled environment.
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