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Abstract

Anthropogenic emissions have greatly influenced UV-B radiation incidence and CO, concentration globally. The interactive effects of projected
incidence on crops by the end of the century need to be studied to understand the implications. The use of sunlit plant growth chambers in
combination with UV-B radiation and CO, treatments was used to identify the individual and interactive effects on basil 'Genovese' plants.
Treatments included 0 and 10 kJ m=2 d~' UV-B supplementation at ambient (437 ppm) or elevated (725 ppm) CO, concentrations. Effects of UV-B
by CO, interactions existed for net photosynthesis, light-adapted maximal quantum efficiency, all plant pigment concentrations, and
malondialdehyde. UV-B increased leaf temperature by approximately 1 °C while elevated CO, concentrations amplified superoxide dismutase
and ascorbate peroxidase activity in basil leaves. Despite deleterious impacts on plant health, UV-B radiation is essential for stimulating healthful
compounds in basil. Understanding the effects when combined with elevated CO, is necessary to improve crop production and future research.
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INTRODUCTION

Since the 1950s, there has been a steady increase in ultra-
violet radiation to the Earth's surface due to anthropogenic
emissions and degradation of the ozone layerl'l. Of the three
types of ultraviolet radiation, ultraviolet-B (UV-B) radiation
(wavelengths 280-315 nm) is the most harmful type that
reaches the Earth's surface, with intensity impacted by altitude,
latitude, and time of day!"2. In addition, the effects of UV-B
light on plant photosynthesis have proven to lower net gains
and efficienciesBl. However, these effects have been variable
and highly dependent on the length of time plants are exposed
to UV-BHL,

The reduction in photosynthesis is coupled with a decrease
in quantum yield efficiency®! and attributed to the decrease in
stomatal conductancel®! and the onset of decreased CO,
assimilation>71. In conjunction with the decline of physiological
performance, light-absorbing chlorophylls and protecting caro-
tenoids are reduced in most plants with higher UV-B
exposurel®8l, However, low levels of UV-B radiation can be be-
neficial to plants. For example, low levels of UV-B can stimulate
the production of jasmonate and phenolic compounds offering
protection against pathogens and insectsi29. Consequently,
high levels of UV-B radiation can induce plant stress by increa-
sing the concentrations of reactive oxygen species leading to
irreversible cellular and DNA damagel'®''l, Other anthropo-
genic factors that have led to the increase in ultraviolet
radiation have also caused the increase in atmospheric CO,
concentrations!'?, Elevated CO, concentrations have been
shown to increase plant photosynthesis and growth, yet when
combined with UV-B radiation, it can reduce and even negates
these advantages!'3l.
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Al Jaouni et al.l'¥ identified that basil grown under elevated
CO, had an increased accumulation of biomass, increased plant
photosynthetic rates, and elevated primary and secondary me-
tabolite accumulation. Being a widely used culinary, medicinal,
and ornamental plant, basil has exhibited variability in growth
and photosynthesis when produced under different light
conditions!'>, Although used to protect the crop from light, the
use of glazing materials and coverings in the greenhouse pro-
duction of basil results in reduction in flavor and nutritional
propertiest’®17], Basil also responds to environmental stressors
like ultraviolet radiation as these stimulate oil gland filling, im-
proving nutritional content('8], increasing regulatory enzymes
affecting plant nutrition and growth!'7), and increasing pheno-
lic compounds that protect the photosynthesis apparatus!'’.
These studies demonstrated that UV-B radiation is essential to
maintain the nutritional content of basil, although it may have
negative effects on its morphology. Other studies have ana-
lyzed variations of UV-B radiation applications on basill1:19.201,
However, those studies have not investigated continuous UV-B
radiation applications when combined with elevated CO,
concentrations and its effects on basil. Thus, the current study's
objective is to determine the individual and interactive effects
of UV-B radiation and elevated CO, concentration on basil
photosynthetic and biochemical parameters when grown
under ambient light.

MATERIALS AND METHODS

Plant material and growth conditions
In June—July 2019, an experiment to determine how UV-B
and CO, affect basil biochemical and photosynthesis
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parameters was set up in four sunlit controlled environmental
chambers, called soil-plant-atmosphere-research (SPAR) units.
The SPAR units are located at the Rodney Foil Plant Science
research facility of Mississippi State University, Mississippi State,
MS, USA. Details of the SPAR unit operations are described in
Reddy et al.l?', Zhao et al.l22, and Wijewardana et al.[23l
Average daily solar radiation outside SPAR units ranged from
4.20 to 35.5 MJ m=2 d-! with an average value of 25.86 + 0.92
MJ m=2 d-', measured with a pyranometer (Model 4-8; The
Eppley Laboratory, Inc., Newport, Rl, USA). The Plexiglass
chambers on the SPAR units are completely opaque to UV
radiation (wavelengths less than 385 nm) and transmit over
95% of incoming PAR (400—700 nm).

A 3:1 sand/soil (sandy loam; 87% sand, 2% clay, and 11% silt)
was used as the soil medium for the polyvinyl-chloride pots
(15.2 cm diameter by 30.5 cm height) with 500 g of gravel in
the bottom of the pots. Six seeds of basil 'Genovese' (Johnny's
Selected Seeds, Winslow, ME, USA) were sown in the pots and
then thinned to one plant per pot approximately seven days
after emergence. A two-by-two factorial arrangement was used
to organize the pots with UV-B and CO, treatments, with each
chamber having three rows of pots and 10 pots per row. Basil
plants were randomly assigned to each chamber consisting of
0 k) m=2 d-" and 10 k) m~2 d-' combined with ambient (437
ppm) or elevated (725 ppm) CO, concentrations. UV-B radiation
treatments were initiated 14-days after sowing, or 0 days of
treatment (DAT).

Eight fluorescent lamps (UV-313 lamps, Q-Panel Company,
Cleveland, OH, USA), with peak wavelength at 313 nm,
attached to dimmable 40w ballasts were positioned 0.5 m
above the plant canopy, wrapped in calcium diacetate films
and changed routinely to filter UV-C radiation, were used to
impose UV-B treatments. UV-B treatments occurred from 8:00
to 16:00 daily, with the interception of radiation at the canopy
being measured daily with a UVX digital radiometer (UVP Inc.,
San Gabriel California, CA, USA) and calibrated against an
Optronic Laboratories Model 754 spectroradiometer (Optronic
Laboratories, Orlando, FL, USA). Non-illuminated bulbs and
frames were used in chambers without UV-B radiation
treatment.

Pure CO, from compressed gas cylinders was individually
supplied to each chamber through pressure regulators, sole-
noids, and needle valves with calibrated flow meter?" and
constantly measured by a dedicated infrared gas analyzers (LI-
6252, LI-COR Biosciences, Lincoln, NE, USA).

Except for UV-B radiation and CO,, all environmental growth
conditions were kept the same throughout the experiment. The
daytime temperature of 30 °C was initiated at sunrise, and the
night time temperature of 22 °C was initiated 1 h after sunset.
Plants were irrigated three times per day (7:00, 12:00, and
17:00) using an automated computer-controlled drip system
with full-strength Hoagland's nutrient solution?¥l based on
treatment-based evapotranspiration values detailed by McKi-
nion & Hodges?*, and modified as described by Reddy et al.2"l,

Gas exchange and chlorophyll fluorescence
Photosynthesis and fluorescence parameters were measured
between 10:00 and 12:00 with an LI-6400XT portable photosyn-
thesis system (LI-COR Biosciences, Lincoln, NE, USA) equipped
with an integrated fluorescence chamber head (LI-6400-40, LI-
COR Biosciences, Lincoln, NE, USA) at 18 DAT. The light
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intensity (PAR) in the measuring chamber was set to 1,500
umol m=2 s~ and the relative humidity was set to 50%. The
measurement chamber temperature was kept at 30 °C. The CO,
concentration of the leaf chamber was set to the chamber CO,
level, with the flow rate adjusted to 500 mol s=. When the total
coefficient of variation (% CV) reached < 0.5%, measurements
were recorded. By considering incoming and outgoing flow
rates and leaf area, the instrument provides the data for
transpiration (E), stomatal conductance (g,), internal CO,
concentration (C), and electron transport rate (ETR). The
internal to external CO, ratio was calculated by the relationship
G/C,.

Chlorophyll fluorescence measurements were obtained by
providing a saturating flash of light > 8,000 umol m=2 s~1 for
0.8 s followed by a dark-flash for 6 s with far-red light pulses to
drive photosystem |, draining the electrons of photosystem II.
Light-adapted maximal quantum yield of photochemistry
(F,'/F,") was calculated from chlorophyll fluorescence (F,,' -
F.)/F.', where F,' and F,' are minimal and maximal
fluorescence of light saturated leaves. The effective quantum
yield of photosystem Il photochemistry (®pg) was calculated
from chlorophyll fluorescence as (F,,' — F,)/F,,', where F, is the
steady-state fluorescence, and F,,," is the maximal fluorescence,
of light saturated leaves. The effective quantum yield of gas
exchange measurements (P¢p,) was calculated from fluore-
scence as (A — Aganl/I'a1eaf Where A is assimilation rate, Ay is
dark assimilation rate, / is incidence of PAR, and ay is leaf
absorptance. Photochemical quenching (gp) and non-photo-
chemical quenching (qy) were calculated from chlorophyll
fluorescence where (F,,' — F))(F,' — F,") and (F,— F,)/(F,— F,),
respectively, where F,, is dark-adapted maximal fluorescence.

Pigment analysis

Plant pigments such as chlorophylls and carotenoids were
extracted from freeze-dried tissues according to Kopsell et al.
with modifications as described by Brazel et al. using an Agilent
1260 high-performance liquid chromatography (Agilent Tech-
nologies, Santa Clara, CA, USA)[26:27],

Antioxidant and oxidative analysis

Malondialdehyde (MDA)

Lipid peroxidation of membranes was estimated from MDA
content, a lipid peroxidation product, using the method
described by Heath & Packer!28],

Hydrogen peroxide (H,0,)

The content of H,O, was estimated by the method of

Mukherjee & Choudhuril29,

Superoxide dismutase (SOD)
The activity of SOD was measured following the method of
Dhindsa et al.3%.

Ascorbic acid (ASC)
The estimation of ASC was done according to the method of
Mukherjee & Choudhuril29,

Trehalose

Trehalose concentration was estimated according to the
method of Trevelyan & Harrison3" and the anthrone method of
BrinB2, The enzymes associated with trehalose metabolism
were assayed as per the procedures of Pramanic & Imail®3], with
few changes. Trehalose-6-phosphate synthase (TPS) activity
was assayed, according to Hottiger et al.l*4, which determines
the release of UDP from UDP-glucose, involving glucose-6-
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phosphate. Trehalose-6-phosphate phosphatase (TPP) activity
was assayed according to the method of Klutts et al.;’% by
measuring the release of inorganic phosphate from trehalose-
6-phosphate. Trehalose activity was determined by activating
phosphorylation using cyclic adenosine monophosphate and
assayed by measuring the glucose concentration(3¢l,

Glutathione

Reduced glutathione (GLTH) was estimated according to the
method of Griffith37). GLTH content was calculated from a
standard graph as described by GriffithB7) and expressed as
nmol g-' DM.

Statistical Analysis

Statistical analysis was performed using SAS (version 9.4; SAS
Institute, Cary, NC). PROC GLIMMIXED analysis of variance
(ANOVA) followed by mean separation was used to analyze the
data. Fixed effects for the experiment consisted of two UV-B
light and two CO, treatments, with replications as random
effects. Pooled error terms from the ANOVA table were used as
the base for standard errors. UV-B and CO, treatment diffe-

Table 1.
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rentiation classification was determined by using Duncan's
multiple range test (P <0.05) based on significant F-values for
main effects. Model-based values were used to reflect statistical
testing when compared to unequal standard errors from data
calculations. Treatment variances were tested to be statistically
equal prior to pooling.

RESULTS

Gas exchange and chlorophyll fluorescence

The UV-B radiation and elevated CO, treatments modified
plant photosynthesis and fluorescence traits of basil (Tables 1 &
2). The intercellular CO, concentration for plants grown at
elevated CO, concentrations was more than 40% greater
compared to ambient CO, concentrations. Leaf temperature of
plants was influenced by UV-B radiation treatment, and CO,
concentration, where leaf temperatures of plants treated with
UV-B were at least 1 °C warmer when compared to non-treated
plants. Elevated CO, treatments also increased leaf tempera-
ture slightly. There was a UV-B by CO, concentration interaction

Effects of UV-B radiation and CO, concentration on net photosynthesis (Pygr), stomatal conductance (g,,), internal CO, (C), electron transport

rate (ETR), transpiration rate (E), leaf temperature (T\.y), and intercellular/ambient CO, ratio (C;C,). Measurements were taken on the fourth/fifth fully
expanded leaf of plants grown without UV-B radiation (No UV-B) and with UV-B radiation (UV-B) at 437 (ambient [CO,]) and 725 ppm (elevated [CO,]) CO,

concentration between 33 and 35 days of treatment.

Treatment Prer! Fw G ETR E Tieaf G/C.2

Ambient [CO,]

No UV-B 244770 0.375° 295.09P 187.332 6.786° 30.484¢ 0.7042

UV-B 18.949¢ 0.3152 303.50° 150.69° 6.504° 31.7612 0.723?
Elevated [CO,]

No UV-B 31.5142 0.3122 530.712 184.97%° 6.6712 31.263b¢ 0.7372

UV-B 30.715° 0.3022 529.59? 178.02% 6.449° 32.344? 0.7362
P-Value34

UV-B ** NS NS NS NS ** NS

Co, ad NS ek NS NS * NS

UV-Bx CO, * NS NS NS NS NS NS

! Units: Pygr — pmol CO, m=2s7'; gsw — mol m=2s™'; Ci - CO, pmol~"; ETR - umol photons m=2s~"; E - mmol H,0 m™257; Tgp¢ - °C.

2 The measured intercellular CO,/ambient CO, of LI-6400XT leaf cuvette.

3 The standard error of the mean was Pygr - 1.318; g, — 0.302; C; - 9.601; ETR - 11.247; E - 0.480; T, — 0.278; C;/Ca - 0.0206.
4NS, *, **, *** indicate non-significant, significant at P < 0.05, P < 0.01, and P < 0.001, respectively.
Values followed by the same superscript letter are not significantly different within each column.

Table 2. Effects of UV-B radiation and CO, concentration on light-adapted, minimal fluorescence (F,'), light-adapted, maximal fluorescence (F,,), steady-
state fluorescence (F), light-adapted maximal quantum yield of photosystem Il photochemistry (F,'/F,,), effective quantum yield of photosystem II
photochemistry (®pg), effective quantum yield of gas exchange measurements (®cp,), photochemical quenching (gp), and non-photochemical
guenching (qy). Measurements were taken on the fourth/fifth fully expanded leaf plants grown without UV-B radiation (No UV-B) and with UV-B radiation

(UV-B) at 437 (ambient [CO,]) and 725 ppm (elevated [CO,]) CO, concentration between 33 and 35 days of treatment.

Treatment Fo' Fr' F F'/Fm' Dpg Dco, dp an
Ambient [CO,]
No UV-B 448312 840.48%P 622.16 0.466° 0.26120 0.0195° 0.559%0 1.875P
Uv-B 430.78° 809.76° 617.25° 0.467° 0.238° 0.0155¢ 0.509° 1.878P
Elevated [CO,]
No UV-B 440.77° 907.912 674.122 0.5132 0.2592P 0.02482 0.507° 2.058?2
Uv-B 440.132 836.64%° 603.64% 0.474° 0.279? 0.0245° 0.5872 1.902°
P-Value'?
UV-B NS NS NS * NS * NS *
CO, NS NS NS ** NS wxx NS **
UV-B x CO, NS NS NS * NS * * *
! The standard error of the mean was F,' - 9.503; F,,' - 28.161; Fs - 26.365; F,//F,,' - 0.00983; ®pg; — 0.0111; O, — 0.000976; gp — 0.0232; gy — 0.0383.
2NS, *, **, *** indicate non-significant, significant at P < 0.05, P< 0.01, and P < 0.001, respectively. .
Values followed by the same superscript letter are not significantly different within each column.
Barickman et al. Technology in Horticulture 2022, 2:2 Page 30f7



Technology in
Horticulture

for net photosynthesis (Pygr), light adapted-maximal quantum
yield of photochemistry (F,'/F,"), effective quantum yield of gas
exchange (®co,), photochemical quenching (gp), and non-
photochemical quenching (qy). Net photosynthesis and @,
values were reduced by 22.6 and 20.5%, respectively, when
treated with UV-B radiation only under ambient CO, concen-
trations, but no differences existed under elevated CO, concen-
trations. For both F,'/F.' and qy, UV-B radiation treatments at
ambient CO, concentrations did not impact values. In contrast,
UV-B radiation treatments on plants at elevated CO, concen-
trations caused a reduction of 7.6% for both values compared
against non-UV-B treated plants. Photochemical quenching (qgp)
was reduced by UV-B radiation treatment under ambient CO,
concentration and was increased by UV-B radiation treatment
under elevated CO, concentration.

Pigment concentrations

A UV-B by CO, interaction existed for all pigment concen-
trations and ratios evaluated (Table 3). Both zeaxanthin and
antheraxanthin exhibited a decrease in concentration when
exposed to UV-B radiation only under elevated CO,. The con-
tent of neoxanthin and f-carotene decreased when CO, was
elevated without UV-B treatment, while UV-B treatment caused
a dissimilar content increase for both CO, concentrations. The
lutein content decreased when CO, concentration was
elevated under no UV-B treatment, while UV-B treatment
increased the content by 15.3% and 63.3% of ambient and
elevated CO, treatments, respectively. The concentrations of
violaxanthin, chlorophyll B, chlorophyll A, and total chloro-
phylls were elevated by exposure to UV-B radiation, with
elevated CO, further increasing pigment concentrations only
for UV-B treated plants by 31.4%, 42.2%, 43.0%, and 43.0%,
respectively. The total xanthophylls content was elevated for
plants treated with UV-B only under ambient CO, concentra-
tion, with no difference under elevated CO, concentration. The
xanthophyll ratio decreased under ambient CO, when exposed
to UV-B treatment, while elevating CO, further reduced the
ratio of UV-B treatment. CO, did not affect the xanthophyll ratio
of plants without UV-B treatment.

Table 3.

UV-B and CO, impact Basil pigments and Pn

Antioxidant and oxidative concentrations

No differences existed for the hydrogen peroxide, trehalose,
or glutathione concentrations of plant samples subjected to
CO, concentrations and UV-B treatment (Table 4). Superoxide
dismutase exhibited increased activity when subjected to ele-
vated CO, regardless of UV-B treatment compared to ambient
CO, levels. Similarly, ascorbate showed a rise in concentration
under elevated CO,, but only for plants not subjected to UV-B
treatment. For malondialdehyde concentration, a UV-B by CO,
interaction existed where UV-B treatment increased malon-
dialdehyde concentration under ambient CO,, but no diffe-
rence existed under elevated CO..

DISCUSSION

The use of the SPAR units to conduct studies on multiple
environmental stresses in a controlled environment is indispen-
sable to expanding our knowledge and research capabilities.
Using the SPAR units enables data collection that will help
develop crop growth and development models and various
physiological responses using field conditions while simul-
taneously collecting data in a controlled environment. The
SPAR units' ability to create an environment of the projected
global anthropogenic emission that is estimated to occur in
Mississippi by the end of the century with 1,000 ppm CO,
concentration and average UV-B radiation of 10 to 15 kJ m—2
d-1 allows for a unique insight into current and future envi-
ronmental conditions[2238:39],

Gas exchange and chlorophyll fluorescence

For most plants, UV-B radiation can cause a reduction in
stomatal conductance that reduces transpiration and photo-
synthetic processes!“l. Our results indicate that stomatal con-
ductance and transpiration were unaffected by UV-B radiation,
which may be due to the phenolic compounds that basil
naturally produces in response to UV-B radiation. The phenyl-
propanoid pathway and associated enzymes are activated
when exposed to increased UV-B radiation. This can lead to the
production of numerous antioxidants and phenylpropanoids
that fill the oil glands and help to protect the plant by
absorbing UV-B radiation('8l,

Effects of UV-B radiation and CO, concentration on carotenoids and chlorophyll concentrations in basil leaves grown in the Soil-Plant-

Atmosphere-Research (SPAR) units at Mississippi State University. Leaf samples were taken from basil plants grown without UV-B radiation (No UV-B) and
with UV-B radiation (UV-B) at 437 (ambient [CO,]) and 725 ppm (elevated [CO,]) CO, concentrations between 33 and 35 days of treatment.

Treatment Neo' Viol Anth Zea Lut p-car  Total Xan? ZA/ZAV3 ChiB ChlA  Total Chl*
Ambient [CO,]

No UV-B 276.43¢ 204.25¢ 68.762 163.94° 793.09° 509.66° 436.95° 0.5312 871.50¢ 7005.67¢ 7877.17°¢

UVv-B 307.30°  249.89° 68.70° 168.79° 91427  606.80°  487.38° 0.487°  1010.37° 9234.86°  10245°
Elevated [CO,]

No UV-B 222.364 208.03¢ 74.30° 157.75° 561.09¢ 384.954 440.08° 0.526% 767.96¢ 7132.75¢  7900.70°

UV-B 348.882 303.087 44.26° 78.49° 916.49% 566.26° 425.83P 0.288¢ 1329.672 125232 138532
P-Value>®

Coz NS *% * HX¥ *X¥ XX * XX AKX XX *X¥*

UV_B X COZ XX *% *% XX XXX *% * XX AKX¥% XX *KX%

' Neo - Neoxanthin; Viol - Violaxanthin; Anth - Antheraxanthin; Zea — Zeaxanthin; Lut - Lutein; -car - Beta carotene; Xan - Xanthophylls; ChIB - Chlorophyll
B; ChIA - Chlorophyll A; Chl - Chlorophylls. All values expressed as pg g~' dry mass, except for ZA/ZAV.

2Total Xan - Sum of Viol, Anth, and Zea.
3 Xanthophyll Cycle Ratio = (Zea and Anth)/(Zea, Anth, and Viol).
4 Total Chl - Sum of ChIB and ChlIA.

5 The standard error of mean was Neo - 10.99; Vio - 8.83; Anth - 3.77; Zea - 7.90; Lut - 27.19; -car - 17.13; Total Xan - 12.72; ZA/ZAV - 0.015; ChIB - 50.99;

ChlA - 349.82; Total Chl - 395.77.

6 NS, *, **, *** indicate non-significant, significant at P< 0.05, P < 0.01, and P < 0.001, respectively.
Values followed by the same superscript letter are not significantly different within each column.
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Table 4. Effects of UV-B radiation and CO, concentration on the concen-
trations of malondialdehyde, hydrogen peroxide, superoxide dismutase
activity, ascorbate acid, trehalose, and glutathione in the concentration of
basil leaves. Samples were taken 33 days of treatment from plants grown
without UV-B radiation (No UV-B) and with UV-B radiation (UV-B) at 437
(ambient [CO,]) and 725 ppm (elevated [CO,]) CO, concentration.

Concentration

Treatment

MDA  perox  SOD Asc Tre Glth
Ambient [CO,]
No UV-B 0.008° 0.19122 0.0304°> 0.101° 0.089° 0.1922
UV-B 0.0532  0.2132% 0.0308® 0.110°> 0.110%° 0.205°
Elevated [CO,]
No UV-B 0.008> 0.18322 0.0392° 0.191° 0.126° 0.177°
UV-B 0.007° 0.1914% 0.0402® 0.119° 0.105%® 0.1592
P-Value34
UV-B L NS NS NS NS NS
Co, *x NS #* * NS NS
UV-B x CO, *xx NS NS NS NS NS

" MDA - Malondialdehyde; Perox — Hydrogen Peroxide; SOD - Superoxide
Dismutase; Asc — Ascorbate; Tre — Trehalose; Glth - Glutathione.

2 Units: MDA - nmol g~:dw™'; Perox - pmol g~'-dw™"; SOD - units
mg~"-protein~'; Asc - nmol g "-dw™"; Tre — umol g~"*dw™'; GIth - nmol
g -dw.

3 The standard error of mean was MDA - 0.00287; Perox — 0.02763; SOD -
0.00212; Asc - 0.02417; Tre — 0.01284; Glth - 0.02096.

4NS, ¥, ** *** indicate non-significant, significant at P < 0.05, P <0.01, and P
<0.001, respectively.

Values followed by the same superscript letter are not significantly different
within each column.

Another effect of UV-B radiation is the decrease in Pygr,
which was observed only under ambient CO,. The reduced Pygr
under ambient CO, may be a result of the impairment of the
photosystem Il electron transport system, diminished ribulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco) activity and
regeneration, the damaging structure of chloroplasts, and the
thylakoid membranel'l. However, no single process, rather a
culmination of numerous minor variations under ambient CO,,
can be identified as the reason for UV-B reduction based on the
non-significant results of ®pg,, ETR, and chlorophyll fluore-
scence measurements.

Elevating CO, resulted in greater Pygr regardless of UV-B
treatment, increasing internal CO, (C) and @, of the leaves
compared to ambient CO,. Yet, no difference existed in the
G;/C, ratio. These results indicate that the amount of C; for basil
plants is directly correlated with ambient (environmental) CO,
within this range. High concentrations of CO, are stimulatory of
higher Pyer and suppression of photorespiration due to the
increased substrate availability for Rubisco to prefer CO, over
O,*'l. While low C; concentrations would be inhibitory of
Rubisco regeneration, high concentrations can also be inhibi-
tory as Rubisco regeneration rate would become limited by
electron transport rate, and further by triose phosphates*'-42.,
Although photorespiration is considered an overall energy
wasting process, Takahashi & Badger*3! identify that while it
limits plant photosynthesis, this limitation may confer protec-
tion against damages due to reductions in ETR preventing
excessive ROS generation under stressful conditions and
dissipating excessive light energy.

While we observed no reductions in ETR rate, we did observe
that supplemental CO, causes an increase in Py, negating
some of the harmful effects of UV-B on the photosynthetic
apparatus. In contrast, some harmful effects still occur, like

Barickman et al. Technology in Horticulture 2022, 2:2
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those observed with a significant decrease in F,//F,' and qy of
UV-B treated plants at elevated CO,. Although a decline in ®pq,
would indicate a significant decline in overall photosynthesis,
we did observe the decline in F,//F," and qy in UV-B and
elevated CO, treatments, which is indicative of some reduction
in photosynthetic performance and efficiency. Previous
research by Romanatti et al.*4l also demonstrated a sharp
decline in dark-adapted quantum efficiency and qy for egg-
plants (Solanum melongena) when subjected to UV-B radiation.

Pigment concentrations

Mosadegh et al.l**! found that juvenile basil, when grown at
similar UV-B levels (8.5 kJ m=2 d-7), led to no changes in
chlorophyll concentrations but caused decreases in carotenoid
concentrations. The reduction in carotenoid concentrations is a
typical response in most plants as ultraviolet radiation indi-
rectly affects plant pigments by either inhibiting their synthesis
or impacting enzymes in their biosynthetic pathway® 9. How-
ever, the results of other researchers are very different from the
overall increase among all concentrations of individual pig-
ments that we observed from daily UV-B treatments and may
be linked with the age of plants. Previous research by
Mosadegh et al.*] found significant effects of UV-B radiation
on plant pigments after only 72 h of exposure, rather than the
28 days of treatment in the current study. Additionally, the
long-term exposure of square-wave radiation may have
enabled plants to become acclimated, like in the current study.
Thus, when plants become acclimated, they may activate
protective mechanisms, improving overall plant health and
performance, which may enhance plant pigment production.

North et al.“®l identified in Arabidopsis thaliana that ABA
production directly affects the concentrations of neoxanthin
and violaxanthin with little to no influence on other carotenoid
pigments. This is due to both neoxanthin and violaxanthin
being direct precursors needed for the synthesis of ABA, and
both displayed significant increases under UV-B treatment. This
increase observed in our study may result from increased
demand for abscisic acid (ABA) used to confer UV-B stress
protection, which was also observed and concluded as one of
the defensive mechanisms against UV-B damage in Nicotiana
attenuatel*’1,

Antioxidant and oxidative concentrations

Malondialdehyde (MDA) is a molecule used to estimate the
relative concentration of lipid peroxidation, which is created as
a byproduct of reactive oxygen species (ROS) and is a sign of
harmful ROS accumulation in plants signifying cellular memb-
rane damagel*849], UV-B's effects on MDA accumulation in basil
have not been studied, but in cucumber UV-B treatments,
increased MDA concentrations as well as marked increases in
membrane leakage and reductions in seedling growth signifi-
cantly reducing crop productivity?l. Our study only observed
an extreme rise in MDA concentration under ambient CO,, UV-
B treatment combination, indicating large amounts of lipid
peroxidation had occurred and is most likely the result of the
UV-B application. However, the lack of elevated MDA under the
elevated CO, and UV-B treatment combination does not
necessarily indicate no UV-B damage. Morales & Munné-
Bosch*8! identify that MDA accumulation in plants does not
always signify stress as it accumulates during periods of plant
acclimation to new conditions, and more so is dependent on
the length of its accumulation to cause damage in plant
membranes.

Page 50f7



Technology in
Horticulture

Of the remaining antioxidant and oxidative concentrations
evaluated, only superoxide dismutase and ascorbate displayed
differences among treatments, both of which play a role in
removing ROS protecting plants®%. Yet, the current study's
results did not show elevated levels of ROS different between
treatments. Elevated levels of these antioxidants would occur
when plants are under oxidative stress and confer protection
and removal of ROS. Our results show basil plants were only
under slight oxidative stress when increasing CO, concentra-
tion, regardless of UV-B treatment; however, like MDA, these
concentrations are temporal and change as plants mature and
acclimatel>'l,

CONCLUSIONS

Although UV-B radiation confers harmful effects on plants, it
is essential for crops like basil, which stimulates plant protective
mechanisms and pathways to fill oil glands and produce
numerous other healthful compounds. Additionally, when UV-B
radiation is combined with elevated CO,, at projected levels to
be reached by the end of the century due to anthropogenic
emissions, it can help to mitigate most of the harmful effects
and even improve plant photosynthesis. Thus, when CO, is
combined with environmental stressors like UV-B radiation in
our study, it displays the complex nature of plant responses.
Furthermore, when combined with information from other
sources, the current study's results from analyzing MDA
conclude that data from a single point of time is insufficient to
determine overall oxidative stress. From these observations,
antioxidants and oxidative reactions can change temporally.
Therefore, analyzing antioxidants and oxidative reactions will
need to be measured multiple times throughout the plant's life
cycle to accurately determine its overall oxidative stress
response. Thus, while UV-B radiation is essential for basil
production but can also harm the plant process, future studies
analyzing antioxidant and oxidative concentrations should
focus on temporal changes in UV-B radiation rather than single
measurements.
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