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Abstract: Global warming and ozone (O3) pose serious threats to crop yield and ecosystem health.
Although neither of these factors will act individually in reality, most studies have focused on the
responses of plants to air pollution or climate change. Interactive effects of these remain poorly
studied. Therefore, this study was conducted to assess the effects of optimal (22/20 ◦C day/night)
and elevated temperature (27/25 ◦C) and/or ambient (10 ± 10 nL L−1) and elevated O3 concentrations
(100 ± 10 nL L−1) on the growth, physiology, and reactive oxygen species (ROS) accumulation of leaf
mustard (Brassica juncea L.). The aim was to examine whether elevated temperature increase the O3

damage due to increasing stomatal conductance, and thus, O3 flux into the leaf. Significant reductions
in photosynthetic rates occurred under O (elevated O3 with optimal temperatures) and OT (elevated
O3 and temperature) conditions compared to C (controls). Stomatal conductance was significantly
higher under T than in the C at 7 DAE. Under OT conditions, O3 flux significantly increased compared
to that in O conditions at 7 days after exposure (DAE). Significant reductions in total fresh and dry
weight were observed under OT conditions compared to those under O. Furthermore, significant
reductions in levels of carotenoids and ascorbic acid were observed under OT conditions compared
to O. Lipid peroxidation and accumulation of ROS such as hydroxyl radical, hydrogen peroxide,
and superoxide radical were higher under O and OT conditions than in C conditions at 7 and
14 DAE. As a result of O3 stress, the results of the present study indicated that the plant injury index
significantly increased under OT compared to O conditions. This result suggested that elevated
temperature (+5 ◦C) may enhance O3 damage to B. juncea by increasing stomatal conductance and O3

flux into leaves.
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1. Introduction

The fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC) reported
that human activities, such as rapid industrialization, urbanization, and increased vehicle traffic,
are causing substantial climate change [1]. Climate change is recognized as an important threat to
ecosystem health. Global warming and air pollution resulting from anthropogenic activities can cause
especially severe damage to plants. Furthermore, ecosystem is highly sensitive to environmental
characteristics [2]. The global average temperature is expected to increase by 1.5 ◦C to 4.8 ◦C within
this century due to increasing greenhouse gas emissions by human activities, which will lead to greater
global warming and associated problems for ecosystems [1].
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Higher temperatures can increase plant growth, but temperatures much higher than a species’
ideal range will be detrimental to crops due to them actually limiting plant growth and development [3].
Higher temperatures may cause photosynthetic rate to decrease, but also conversely cause stomatal
conductance and transpiration to increase. Therefore, increased temperature stress is usually associated
with reduced water availability [4]. Decreased photosynthesis may be attributed to decreased activity
of Rubisco and an enzyme involved in carbon fixation. Also, the functioning of photosystem II
(PS II), located in the thylakoid membranes, is highly reduced or partly stopped under elevated
temperature conditions because it is thermolabile [5]. Under elevated temperatures, plants produce
various metabolites, including antioxidants and heat shock proteins (HSPs), by different pathways
to deal with problems related to thermal stress [6]. For example, cell membrane fluidity is markedly
increased by elevated temperatures, which results in solute leakage, the production of reactive oxygen
species (ROS), and oxidative damage [7].

In addition to future global warming, the tropospheric ozone (O3) concentration is predicted to
increase by 20% compared with present levels in the future since emissions of the precursors of O3

formation (e.g., NOx, CO, and VOCs) are constantly increasing [8]. The O3 concentration specially in
East Asia has risen steeply due to anthropogenic gas emission from China’s rapid economic growth
and industrial development. For instance, in Korea, the O3 concentration has doubled over the last
three decades [9]. Furthermore, since the release of O3 and its precursors from China are predicted to
increase in the future, the O3 concentration in Korea will also continue to rise [10]. The main chemical
reaction involved in ozone formation is the photolysis of NO2, which produces nitrogen oxide (NO)
and an oxygen atom (O). The O atom reacts with oxygen (O2) molecules in the atmosphere to form
O3. In the other reaction, VOCs react with hydroxyl radicals (OH) to generate water vapor (H2O).
The remaining organic radical (R-) combines with O2 to form a peroxyl radical (RO2), which can make
NO2. The resulting nitrogen dioxide molecule can then undergo photolysis, forming ozone [11].

O3 has high phytotoxicity, and directly causes noticeable damage to plants. Exposure to increased
O3 concentrations induces several plant responses at the physiological, biochemical, and morphological
levels [12,13]. Elevated O3 exposure induces visible foliar symptoms, decreases photosynthesis,
produces reductions in plant growth, and changes plant interactions with disease organisms [14].
Of especial concern is the fact that high ozone concentrations may impair physiological processes within
plants, including photosynthesis. It is well-known that plants grown under high ozone concentrations
feature decreased rates of CO2 assimilation. Due to these changes in net photosynthesis rates, the
production of nonstructural carbohydrates, including sucrose and starch, also decreased [15]. O3 enters
the leaf through the stomata, and then it rapidly causes damage to cell wall and plasma membrane
by forming ROS [16]. ROS play critical roles as detrimental molecules that have adverse effects on
proteins, DNA, and lipids. ROS accumulation also initiates signaling pathways in the plant in response
to stress [17]. The responses of the plant against O3 involve the use of antioxidant systems to remove
toxic compounds, mitigating cellular damage. Therefore, the weakening of antioxidative defense
systems could increase the susceptibility of plant tissues to ozone exposure [18]. O3 injury on plants
may cause visible foliar symptoms in plants. The occurrence of visible symptoms in leaves is an
important tool for assessing the effects of ozone on vegetation [19]. Symptoms of ozone injury in
the leaves include interveinal patches of light-green or whitish coloring, or bronzing, and reddening
patterns. In broad-leaved trees, leaves mainly show interveinal bronzing, bleaching, and reddening
symptoms [20].

Interactive effects of increased temperatures and O3 likely occur in natural environments, as
neither of these nor other environmental factors act individually on plants there [21]. The responses of
plants to combined environmental factors may cause changes in plants that are not predictable from
the results of previous studies of single environmental factors [22]. Although many researchers have
recently reported the effects of elevated O3 or temperatures on plants, the interactive effects of these are
less studied. In the case of O3 and elevated temperature, stomata can be important since O3 enters the
plant through the stomata and it has been suggested that elevated temperature may occur intensify O3
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stress due to relation between stomata and temperature [23]. Additionally, leaf mustard is cultivated
not only in greenhouses as a crop, but also grown in open fields as one of forest plants where they can
be exposed to increased temperatures and ozone levels at the same time. Therefore, more attention
needs to be paid to the effects of both of these environmental conditions on this plant, which is mainly
grown as edible plant, also used for medicinal purposes. In this study, the individual and combined
effects of elevated temperature and elevated O3 were studied on leaf mustard (Brassica juncea L.), which
is usually grown in East Asia and one of the important species in forest ecosystem. The aims of the
present study were to investigate the effects of optimal and elevated temperatures and/or ambient and
elevated O3 concentrations on the growth, physiological, and biochemical characteristics of this plant.
And, it was to observe whether elevated temperature increases O3 damage to this leaf vegetable due to
higher O3 flux into leaves resulting from increasing stomatal conductance. It was hypothesized that:
(i) Interactive effects of elevated temperature and elevated O3 adversely affect growth, physiological,
and biochemical characteristics of leaf mustard; (ii) the negative effects of these factor increase with
exposure duration; and (iii) elevated temperature aggravates O3 damage to Brassica juncea L. by
increasing O3 uptake through increasing stomatal conductance and transpiration.

2. Materials and Methods

2.1. Plant Materials and Growth Conditions

Seedlings of leaf mustard (Brassica juncea L.), which is usually grown in East Asia, were used
as test plants in this study. Plant culture was performed in a closed-type plant factory (temperature:
20 ± 2 ◦C; relative humidity: 60 ± 5%; light intensity: 200 ± 20 mol m−2 s−1; day length: 16 h) at
the University of Seoul, Seoul, Korea (37◦34′57.5′′ N, 127◦03′39.1′′ E). The seedlings were cultivated
for 2 weeks after germination and then transplanted into 3 L plastic pots filled with horticultural
substrate including perlite, vermiculate and peat moss (Green Partner, Nongwoo Bio, Suwon, Korea).
Before treatments began, the seedlings were pre-adapted to conditions of a phytotron growth chamber
with sunlight for one week. All plants were watered well on a daily basis to avoid them having a water
deficit. Their positions in the chamber were regularly changed after irrigation to prevent positional
effects. For each test, 15 plants were kept in a control chamber, and another 15 were placed in a
treatment chamber. Leaf sampling was performed two times, at 7 and 14 days after exposure (DAE)
between 09.00 h and 12.00 h. For each group, fully expanded leaves were used for analyses of growth,
physiology, and biochemistry. Samples were kept at −80 ◦C until analyses.

2.2. Experimental Treatments

The experiment was conducted by using a phytotron growth chamber (Growth chamber, Koito
Industries, Yokohama, Japan) with an ozone generator (ON-1-2, Nippon Ozone Co., Tokyo, Japan)
from March to April of 2018. Each chamber within the phytotron unit was 1.5 m wide, 1.5 m long,
and 2.0 m in height. The temperature, relative humidity, and O3 concentration in each chamber
could be accurately and precisely controlled. In the O3 control system, a photometric O3 analyzer
(Model 400E, Teledyne instruments Inc., San Diego, CA, USA) was used to ensure that the intended O3

concentrations were maintained in the chambers, with O3 introduced as needed by connecting an O3

generator to the chamber via Teflon tubes (Figure 1).
Treatments were established 3 weeks after plant germination and were continued for 2 weeks.

The treatments used were: (1) Ambient O3 (10 ± 10 nL L−1) + optimal temperatures (22/20 ◦C day/night)
(i.e., control, C); (2) ambient O3 (10 ± 10 nL L−1) + elevated temperature (27/25 ◦C) (T); (3) elevated
O3 (100 ± 10 nL L−1) + optimal temperatures (22/20 ◦C) (O); and (4) elevated O3 (100 ± 10 nL L−1) +

elevated temperature (27/25 ◦C) (OT). The elevated O3 concentration used was chosen to match the
hourly average maximum O3 concentration from March to July 2016 measured in South Korea [24].
The elevated temperature used were selected as those 5 ◦C above the optimal temperature range of
leaf mustard. Elevated O3 conditions were applied to test plants for 8 h daily from 09.30 h to 17.30 h to
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adapt to the daylight period that O3 levels are often associated with, whereas elevated temperature
and relative humidity were controlled for 24 h daily.
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2.3. Plant Injury Indices

All plants in each treatment were examined daily to check for the occurrence and timing of the
first visible symptoms of O3 damage. The severity of O3 injuries was quantified two times at 7 and
14 DAE. Visible ozone injury symptoms were quantified in terms of the percentage of leaves that were
injured per each plant (LA) and the average percentage of the total area of the symptomatic leaves that
showed injuries (AA) for each plant using the ICP Forests criteria [25]. A plant injury index to quantify
the extent of visible ozone damage symptoms was calculated by combining the two measurements
mentioned above using the following formula from [26].

Plant injury index = (LA×AA)/100 (1)

2.4. Measurement of Gas Exchange Parameters and Calculation of Ozone Flux

Measurements of leaf gas exchange parameters (net photosynthetic rate (Anet), stomatal
conductance (gs), intercellular CO2 concentration (Ci), and transpiration rate (E)) were made at
7 and 14 DAE between 09.00 h and 12.00 h. Water use efficiency (WUE) was calculated by the
relationship as the ratio between net photosynthetic rate and transpiration rate (Anet/E). The second to
fourth fully developed leaves of five replicate plants were measured using a portable photosynthesis
measurement system (Li-6400 XT, LI-COR Inc., Lincoln, NE, USA) with an LED light source chamber
(6400-02B, LI-COR Inc., Lincoln, NE, USA) [27]. During these measurements, the CO2 concentration
was maintained at 400 µmol mol−1 under a block temperature held at 25 ◦C and a relative humidity (RH)
between 50% and 60%. Average photosynthetically active radiation (PAR) was fixed at a near-saturation
light intensity of 1000 µmol m−2 s−1. The air flow rate was held constant at 500 µmol s−1. Each leaf gas
exchange parameter was allowed to stabilize for at least 5 min.

Ozone fluxes into leaves were estimated using the method of [28] with the formula below:

O3 flux = gO3 ([O3]a − [O3]l) (2)

where gO3 is the rate of the rate of O3 flux into the leaf, [O3]a is O3 concentration in ambient air and
[O3]l is O3 concentration in the leaf interior. The value of gO3 was determined by dividing the stomatal
conductance by the ratio of the binary diffusivities of water vapor and O3 in air (1.68). [O3]a was
estimated as the bulk air concentration of O3 when measuring the conductance of water vapor. [O3]l

was set to zero according to the findings of [16]. In practice, it was reported that O3 concentration in
the leaf interior is higher than zero under intense O3 exposure by [29]. However, we did not consider
this assumption because intercellular O3 concentration was unknown and typically small compared to
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those in chamber. In this method, O3 flux was simply estimated as a measurement of the severity of O3

stress on plants [30].

2.5. Measurement of Carotenoids and Ascorbic Acid

Carotenoids were extracted from 0.1 g of fresh leaf placed in 10 mL 80% (v/v) acetone for 14 days
at 4 ◦C. The carotenoids content of the extract was quantified through measuring its absorbance (A)
at 663 nm, 645 nm, and 470 nm using a microplate reader (Epoch microplate Spectrophotometer,
Synergy-Bio Tek, Winooski, VT, USA). The content of carotenoids was calculated according to the
method of [31].

Carotenoid (mg g−1 FW) = [A470 + (0.114(A663) − (0.638-A645)] × V/100 ×W (3)

where A470 is absorbance at 470 nm, A663 is absorbance at 663 nm, A645 is absorbance at 645 nm, V is
sample volume (mL) and W is weight of fresh leaf (g).

The amount of ascorbic acid in the leaf was estimated using a method based on the reduction of
2,6–dichlorophenol indophenol (DCPIP) reported by [32]. In this method, 0.1 g fresh weight of sample
was homogenized in 1.5 mL of ice-cold extraction solution (0.5% oxalic acid). After centrifugation at
10,000 rpm for 15 min, 0.2 mL of the supernatant was then added to 1 mL of DCPIP (20 µg/mL) with
constant shaking. The absorbance of the pink color obtained was measured at 520 nm. The pink color
was then bleached by adding a drop of 10 µL of 1% ascorbic acid and absorbance was measured at
520 nm again. The difference between the two measurements was used to quantify the content of
ascorbic acid.

Ascorbic acid (mg g−1 FW) =
(EO − Es − Et) × V

W × 100
× 100 (4)

where EO is optical density of a blank sample, Es is optical density of plant sample, Et is optical density
of sample with ascorbic acid, V is sample volume (mL) and W is weight of fresh leaf (g).

2.6. Measurement of Lipid Peroxidation and Reactive Oxygen Species

Lipid peroxidation was measured following the protocol of [33]. After 0.1 g of leaf sample was
ground up and mixed with liquid nitrogen, the sample was homogenized in 1 mL of 0.1% (w/v)
trichloroacetic acid (TCA), followed by centrifugation at 10,000 rpm for 10 min. Of the resulting
supernatant, 0.5 mL of the resulting supernatant was added to 1.5 mL of 20% TCA containing 0.5%
(w/v) thiobarbituric acid (TBA), and then the mixture was boiled in a water bath at 95 ◦C for 15 min.
After cooling it on ice, the mixture was again centrifugated at 10,000 rpm for 10 min. The absorbance
(A) of the supernatant was measured at 532 nm, and the values corresponding to 600 nm using a
microplate reader were subtracted. Lipid peroxidation was quantified in terms of malondialdehyde
(MDA) content, which was determined using the Lambert–Beer law with an extinction coefficient of
155 mM−1cm−1:

MDA
(
nmol g−1 FW

)
= ((A532 − A600)/155, 000) × 106 (5)

where A532 is absorbance at 532 nm and A600 is absorbance at 600 nm.
The hydrogen peroxide (H2O2) content of leaf samples was quantified using the methods of [34].

In these methods, the extract of a 0.1 g leaf sample frozen in liquid nitrogen was obtained through
extraction in 1 mL of 0.1% TCA, and then centrifugated at 12,000 rpm for 15 min. Then, 0.5 mL of the
supernatant was homogenized in 0.5 mL of 100 mM potassium phosphate buffer (pH 7.8) and 1 mL
of 1 M potassium iodide (KI). After keeping the mixture in the dark for one hour, its absorbance at
390 nm was measured. Quantification of H2O2 content was then made using a standard curve.

Determination of superoxide anion radical (O2
–) content was carried out by using a modified

version of the methods of [35]. The superoxide anion radical (O2
–) content in samples was quantified

based on its ability to reduce nitro blue tetrazolium (NBT). To do this, 0.1 g of leaf sample ground
up in liquid nitrogen was added into 1.5 mL of a reaction mixture of 10 mM potassium phosphate
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buffer (pH 7.8), 0.05% NBT, and 10 mM sodium azide (NaN3). After 20 min of incubation at room
temperature, the 0.5 mL of reaction solution was heated in a water bath at 85 ◦C for 15 min and then
rapidly cooled. The content of O2

– was determined as the resultant absorbance at 580 nm per 1 g of
fresh weight (A580 g−1 FW).

Hydroxy radical (OH–) levels in the leaf were measured using the methods of [36], with minor
modifications. In these, 0.1 g of leaf sample ground up in liquid nitrogen was homogenized with
1 mL of 50 mM sodium phosphate buffer (pH 7), and then centrifugated at 12,000 rpm for 10 min at
4 ◦C. After centrifugation, 0.5 mL of the supernatant was mixed with 1 mL of 1 mM 2-deoxyribose.
The reaction was performed at room temperature in the dark for 45 min. Subsequently, 0.5 mL of
the solution was added to 1 mL of 1% (w/v) TBA in 2.8% (w/v) TCA. After that, the solution was
immediately boiled for 10 min. Finally, samples were cooled on ice for 10 min. The level of OH– was
quantified based on the absorbance at 540 nm, and was expressed as absorbance at 540 nm per 1 g of
fresh weight (A540 g−1 FW).

2.7. Measurement of Growth Characteristics

All plants in each chamber were harvested at 14 DAE. Five plants per treatment were randomly
selected for taking growth measurements. Leaf area was determined in three fully expanded leaves
using winFolia image software (winFolia, Regent Instruments Inc., Sainte-Foy, QC, Canada). To measure
the fresh weights of above- and belowground plant parts, soil particles were flushed out from the
plants’ root. Then, all plant parts were dried separately for 48 h at 60 ◦C to determine their dry weights.
Specific leaf area (SLA) was calculated based on the leaf area and dry weight of each leaf following [37].

2.8. Statistical Analyses

The experiment was set up as a randomized block design with five replicates per block and
treatment. The individual and interactive effects of elevated O3, temperature, and sampling date
on mean growth, physiological, and biochemical characteristics of B. juncea were analyzed through
two-way or three-way analyses of variance (ANOVAs). Tukey’s HSD (p ≤ 0.05) was performed as a post
hoc test to investigate significant differences among levels of different factors on the parameters tested.
For each parameter, the statistical significance of 7 and 14 DAE differences under different treatment
was analyzed using the independent t-test. All analyses were performed using SPSS Statistics 25
software (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Plant Injury Indices

The first visible symptoms of O3 damage, such as necrosis and chlorosis, were observed on the
surfaces of the leaves of plants under the OT treatment at 3 DAE, and under the O these first appeared at
5 DAE. Plants grown under C and T did not show any visible injury symptoms (Figure 2b). Plant injury
indices at 7 DAE were 1.47 and 5.46 under the O and OT, respectively. At 14 DAE, this index had
increased by about 3 times in the OT (Figure 2a). The plant injury index of leaves was significantly
lower in the O than in the OT at both 7 and 14 DAE. The plant injury index increased more sharply
under OT than in the O.
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Figure 2. (a) Plant injury index and (b) visible symptom of Brassica juncea L. under different ambient 
and elevated temperature and O3 treatments at 7 (A–D) and 14 (E–F) DAE. Data are plotted as means 
± standard error (SE) (n = 5). Different letters indicate significant differences between treatments at p 
< 0.05 according to Tukey’s HSD test. O: optimal temperatures and elevated O3; OT: elevated 
temperature and elevated O3; DAE: Days after exposure. (A, E) Leaf appearance under control 
conditions at 7 and 14 DAE; (B, F) leaf appearance at elevated temperature and ambient O3 at 7 and 
14 DAE; (C, G) leaf appearance at optimal temperatures and elevated O3 at 7 DAE and 14 DAE; and 
(D, H) leaf appearance under elevated temperature and O3 conditions at 7 and 14 DAE. (C, D, G, H) 
Chlorosis was observed on the adaxial side of the leaf. 

3.2. Growth Characteristics 

The total fresh and dry weights of plants were significantly decreased under the T (by 29.3% and 
20.7%, respectively), O (by 42.9% and 49.04%), and OT (by 58.6% and 61.8%) compared to those in C 
(Table 1). Root dry weight significantly decreased by 40.1% under T, 61.3% under O, and 81.3% under 
OT compared to that in C, whereas shoot dry weight was not significantly reduced under T compared 
to C. Significant reductions in root dry weights were observed under O and T, however (by 41.8% 
and 47.6%, respectively). Shoot:root ratios (SRR) significantly increased under OT compared to those 
under T (79.1%) (Table 1). However, significant increases were not observed in SRR under T and O 
compared to C. The two-way ANOVAs showed that differences in fresh and dry weight were 
significant between individual main factors, whereas their interactions only had a significant effect 
on total fresh weight but not dry weight (Table S1). Specific leaf area (SLA) significantly increased 
under O and OT compared to C. Increases in SLA relative to C were 14.4%, 30%, and 35.2% in the T, 
O, and OT, respectively (Table 1). Significant differences in SLA were not observed between the O 
and T. Elevated temperature significantly affected SLA, and SLA was also strongly affected by 
elevated O3. However, the interaction between temperature and O3 did not significantly affect SLA 
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Figure 2. (a) Plant injury index and (b) visible symptom of Brassica juncea L. under different ambient
and elevated temperature and O3 treatments at 7 (A–D) and 14 (E–F) DAE. Data are plotted as
means ± standard error (SE) (n = 5). Different letters indicate significant differences between treatments
at p < 0.05 according to Tukey’s HSD test. O: optimal temperatures and elevated O3; OT: elevated
temperature and elevated O3; DAE: Days after exposure. (A, E) Leaf appearance under control
conditions at 7 and 14 DAE; (B, F) leaf appearance at elevated temperature and ambient O3 at 7 and
14 DAE; (C, G) leaf appearance at optimal temperatures and elevated O3 at 7 DAE and 14 DAE; and
(D, H) leaf appearance under elevated temperature and O3 conditions at 7 and 14 DAE. (C, D, G, H)
Chlorosis was observed on the adaxial side of the leaf.

3.2. Growth Characteristics

The total fresh and dry weights of plants were significantly decreased under the T (by 29.3% and
20.7%, respectively), O (by 42.9% and 49.04%), and OT (by 58.6% and 61.8%) compared to those in
C (Table 1). Root dry weight significantly decreased by 40.1% under T, 61.3% under O, and 81.3%
under OT compared to that in C, whereas shoot dry weight was not significantly reduced under T
compared to C. Significant reductions in root dry weights were observed under O and T, however (by
41.8% and 47.6%, respectively). Shoot:root ratios (SRR) significantly increased under OT compared to
those under T (79.1%) (Table 1). However, significant increases were not observed in SRR under T
and O compared to C. The two-way ANOVAs showed that differences in fresh and dry weight were
significant between individual main factors, whereas their interactions only had a significant effect
on total fresh weight but not dry weight (Table S1). Specific leaf area (SLA) significantly increased
under O and OT compared to C. Increases in SLA relative to C were 14.4%, 30%, and 35.2% in the T, O,
and OT, respectively (Table 1). Significant differences in SLA were not observed between the O and T.
Elevated temperature significantly affected SLA, and SLA was also strongly affected by elevated O3.
However, the interaction between temperature and O3 did not significantly affect SLA (Table S1).
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Table 1. Total fresh weight, total dry weight, shoot dry weight, root dry weight, shoot:root ratio (SRR),
and specific leaf area (SLA) of Brassica juncea L. under different ambient and elevated temperature and
O3 treatments at 14 DAE.

Parameters Control Elevated Temp. Elevated O3 Elevated Temp. × O3

Total fresh weight (g) 77.85 ± 1.79 a 54.85 ± 1.85 b 44.51 ± 1.77 c 32.32 ± 1.43 d
Total dry weight (g) 8.82 ± 0.49 a 6.99 ± 0.07 b 4.49 ± 0.19 c 3.37 ± 0.27 c
Shoot dry weight (g) 4.73 ± 0.19 a 4.55 ± 0.18 a 2.91 ± 0.13 b 2.62 ± 0.14 b
Root dry weight (g) 4.08 ± 0.51 a 2.45 ± 0.19 b 1.58 ± 0.11 bc 0.75 ± 0.16 c

Shoot:root ratio
(SRR) 1.02 ± 0.13 b 1.95 ± 0.12 b 2.11 ± 0.16 b 4.89 ± 1.12 a

Specific leaf area
(SLA) (cm2 g−1) 273.43 ± 7.30 c 312.72 ± 10.58 bc 355.38 ± 12.99 ab 369.77 ± 14.93 a

Data are summarized as means ± SE (n = 5). Different letters signify significant differences among treatments at
p < 0.05 according to Tukey’s HSD test.

3.3. Gas Exchange Characteristics and O3 Flux

Photosynthesis rates (Anet) significantly decreased under O (19.7%), and OT (27.4%) compared to
those in C at 7 DAE, and were also significantly reduced under O (29.9%) and OT (52.9%) compared
to C at 14 DAE; however, elevated temperature did not significantly affect the photosynthesis rate
of B. juncea relative to controls at 7 and 14 DAE (Figure 3). The three-way ANOVA indicated that
differences in Anet were due to significant effects of all the individual factors and their interactions,
except for the temperature × O3 and temperature × date interactions (Table S1). Stomatal conductance
(gs) was significantly higher by 58.4% under T than in the C at 7 DAE. Stomatal conductance of plants
in the OT treatment was also higher than that in the C at 7 DAE. At 14 DAE, there were no significant
differences among treatments (Figure 3). The three-way ANOVA showed that gs was significantly
affected by all of the individual factors and their interactions, except for the O3 × sampling date and
temperature × O3 × sampling date interactions (Table S1). Intercellular CO2 concentrations (Ci) were
significantly increased under T (15.2%) and OT (13.1%), whereas those of plants grown under O showed
significant reductions of 12.9% compared to C at 7 DAE. At 14 DAE, concentrations had significantly
increased under OT (9.8%) compared to those at C (Figure 3). Ci was significantly impacted by the
individual effects of elevated temperature and sampling date. The interactions between temperature ×
sampling date and O3 × sampling date also significantly impacted Ci (Table S1). Plants grown under T
had transpiration rates (E) that were significantly greater than those of C by 34.0 at 7 DAE (Figure S1).
E was significantly affected by elevated temperature, as well as by elevated O3 (Table S1). Water use
efficiency (WUE) significantly decreased under T (34.4%) and OT (30.8%) compared to C at 7 DAE
(Figure 4). However, significant changes were not observed among all treatments at 14 DAE. WUE
was significantly affected by elevated temperature and sampling date (Table S1). Estimates of ozone
flux into the leaf underwent large and significant increases under O (79.8 and 85.6%) and OT (91.2
and 80.1%) compared to controls at 7 and 14 DAE, respectively. O3 flux into plants grown under OT
was significantly higher by 56.7% than that for plants in the O at 7 DAE. In contrast, the flux into
plants in the T was 27.4% higher than that for plants under OT at 14 DAE (Figure 4). Differences in O3

flux were highly significant as a result of elevated O3, and were also affected significantly by elevated
temperature, sampling date, and the interactions among all factors (Table S1).
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Figure 3. Photosynthetic rate, stomatal conductance, and intercellular CO2 concentration of
Brassica juncea L. under different ambient and elevated temperature and O3 treatments at 7 DAE
and 14 DAE. Data are plotted as means ± SE (n = 5). Different letters signify significant differences
among treatments at p < 0.05 according to Tukey’s HSD test. C: optimal temperatures and ambient
O3; T: elevated temperature and ambient O3; O: optimal temperatures and elevated O3; OT: elevated
temperature and elevated O3; DAE: Days after exposure.
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3.4. Carotenoid and Ascorbic Acid Contents 

Carotenoid content was significantly lower in O and OT (by 27.34% and 44%, respectively) 
treatments than in the C treatment at 7 DAE, whereas the carotenoid content of plants under OT 
conditions only was significantly decreased (by 24.9%) compared to C at 14 DAE (Figure 5). There 
was no significant change in this content under T conditions relative to C at 7 or 14 DAE. Ascorbic 
acid was significantly decreased under T (25% and 39%), O (21% and 34%), and OT (53% and 55%) 
conditions compared to C at both 7 and 14 DAE, respectively. There were also significant differences 
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elevated temperature, O3, and sampling date all individually affected carotenoid and ascorbic acid 
content of plants, while all interactions among factors did not significantly affect changes in these 
parameters (Table S1). 

Figure 4. Water use efficiency and O3 flux of Brassica juncea L. under different ambient and elevated
temperature and O3 treatments at 7 DAE and 14 DAE. Data are plotted as means ± SE (n = 5).
Different letters signify significant differences among treatments at p < 0.05 according to Tukey’s HSD
test. C: optimal temperatures and ambient O3; T: elevated temperature and ambient O3; O: optimal
temperatures and elevated O3; OT: elevated temperature and elevated O3; DAE: Days after exposure.

3.4. Carotenoid and Ascorbic Acid Contents

Carotenoid content was significantly lower in O and OT (by 27.34% and 44%, respectively)
treatments than in the C treatment at 7 DAE, whereas the carotenoid content of plants under OT
conditions only was significantly decreased (by 24.9%) compared to C at 14 DAE (Figure 5). There was
no significant change in this content under T conditions relative to C at 7 or 14 DAE. Ascorbic acid was
significantly decreased under T (25% and 39%), O (21% and 34%), and OT (53% and 55%) conditions
compared to C at both 7 and 14 DAE, respectively. There were also significant differences between the
O and OT treatments at both 7 and 14 DAE (Figure 5). According to three-way ANOVAs, elevated
temperature, O3, and sampling date all individually affected carotenoid and ascorbic acid content of
plants, while all interactions among factors did not significantly affect changes in these parameters
(Table S1).
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Figure 5. Carotenoids and ascorbic acid of Brassica juncea L. under different ambient and elevated
temperature and O3 treatments at 7 DAE and 14 DAE. Data are plotted as means ± SE (n = 5).
Different letters signify significant differences among treatments at p < 0.05 according to Tukey’s HSD
test. C: optimal temperatures and ambient O3; T: elevated temperature and ambient O3; O: optimal
temperatures and elevated O3; OT: elevated temperature and elevated O3; DAE: Days after exposure.

3.5. Lipid Peroxidation and Reactive Oxygen Species (ROS) Accumulation

Overall, lipid peroxidation was significantly increased under O (86% and 56%), and OT (90% and
63%) conditions compared to C at 7 and 14 DAE, respectively. There was no significant difference
between C and T, or between O and OT conditions, at 14 DAE (Figure 6). The three-way ANOVA
indicated that variations in lipid peroxidation due to all individual factors were highly significant,
while all of their interactions did not significantly affect this parameter (Table S1). In terms of hydroxyl
radical (OH–) accumulation, significant increases of 33.3% compared to C were found under OT
conditions, respectively, at 7 DAE. Similarly, that in OT (50.5%) treatments was higher than in C at
14 DAE. No significant difference between the O and OT treatment was observed at either 7 or 14 DAE
(Figure 6). Changes in OH– as a result of elevated O3 and sampling date were significant. Elevated
temperature did not affect variations in OH– according to the three-way ANOVA results (Table S1).
The hydrogen peroxide (H2O2) content of plants significantly increased under T, O, and OT (47.1%,
61.4%, and 72.3% respectively) conditions compared to C at 7 DAE. At 14 DAE, that of plants in the
O and OT (50.9% and 53.8%) treatments was significantly higher than in C. However, there was no
significant difference between O and OT treatments at 14 DAE. The superoxide radical (O2

–) content of
plants in O (67% and 65.8%) and OT (63% and 72.9%) treatments was significantly higher than that in C
plants at 7 and 14 DAE, respectively. There was no significant difference between C and T treatments,
nor between the O and OT treatments, at either 7 or 14 DAE (Figure 6). Changes in H2O2 and O2

–

content as a result of elevated O3 were highly significant according to the three-way ANOVA results.
Elevated temperature and sampling date also had significant individual effects on changes in H2O2

and O2
– content. However, all interactions among factors did not significantly affect these content

(Table S1).
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significant differences among treatments at p < 0.05 according to Tukey’s HSD test. C: optimal 
temperatures and ambient O3; T: elevated temperature and ambient O3; O: optimal temperatures and 
elevated O3; OT: elevated temperature and elevated O3; DAE: Days after exposure. 

4. Discussion 

In this study, we clearly observed visible foliar damage on the adaxial surface of the leaves of 
plants held under O and OT at both 7 and 14 DAE. Visible symptoms are regarded as important 
indicators of O3 sensitivity in plants [38]. The first appearance of visible symptoms occurred at 3 DAE 
under OT and at 5 DAE under O. Visible symptoms were found first in the oldest leaves, whereas 

Figure 6. Lipid peroxidation, Hydroxyl radical (OH–), Hydrogen peroxide (H2O2) and superoxide
radical (O2

–) accumulation of Brassica juncea L. under different ambient and elevated temperature
and O3 treatments at 7 DAE and 14 DAE. Data are plotted as means ± SE (n = 5). Different letters
signify significant differences among treatments at p < 0.05 according to Tukey’s HSD test. C: optimal
temperatures and ambient O3; T: elevated temperature and ambient O3; O: optimal temperatures and
elevated O3; OT: elevated temperature and elevated O3; DAE: Days after exposure.

4. Discussion

In this study, we clearly observed visible foliar damage on the adaxial surface of the leaves of
plants held under O and OT at both 7 and 14 DAE. Visible symptoms are regarded as important
indicators of O3 sensitivity in plants [38]. The first appearance of visible symptoms occurred at 3 DAE
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under OT and at 5 DAE under O. Visible symptoms were found first in the oldest leaves, whereas foliar
damage did not appear in the youngest leaves at that time. Based on when visible symptoms began to
manifest, the results of this study indicate that leaf mustard is a species that is sensitive to ozone. Plants
that have relatively high stomatal conductance could be more susceptible to the negative effects of
ozone [39]. In the less sensitive spinach (Spinacia oleracea L.), the first symptoms of ozone damage were
not detected until after 32 days of exposure to 60 nL L−1 O3 [40]. Visible symptoms of damage in plants
grown under OT were more severe than those in plants grown under O (Figure 2). This indicates that
elevated temperature aggravates O3-induced foliar damage, since elevated temperatures also led to
increased stomatal conductance [41]. Elevated temperature may increase atmospheric vapor pressure
deficit (VPD), which increases evapotranspiration and open stomata. It is well known that abscisic
acid (ABA) controls stomatal open and closure which is regulated by VPD and temperature [42].

In terms of the responses of the growth characteristics, the significant reductions in total fresh
weight and dry weight under O and OT were the most noticeable. This indicates that the resistance of
leaf mustard to O3 combined with elevated temperature was not enough to prevent growth inhibition.
In fact, the total fresh and dry weights of plants grown under elevated temperature alone were
significantly decreased compared to plants under control (Table 1). Under elevated temperatures,
the biomass of plants typically decreases as a result of decreased rates of photosynthesis [43,44].
Brassica napus grown at temperatures 5 ◦C above optimum had lower biomass than those grown under
control [22]. The potential growth increase of plants in warm conditions may depend on how closely
to their optimum temperature they are grown [45]. Our results suggest that elevated ozone also affects
the growth parameters, especially total fresh and dry weight, of plants more severely than temperature
does (Table 1). O3-induced reduction of photosynthesis and carbon allocation can negatively impact
root dry weight more than shoot dry weight under elevated O3 conditions [46]. This phenomenon was
also shown in the changes to shoot:root ratios observed in this study (Table 1). Changes in root dry
weight under OT led to increased shoot:root ratios compared to those of C plants. The impacts of O3

on plant growth can alter the partitioning of plant assimilates among different plant parts [47].
Significant differences in specific leaf area (SLA) were also found between plants under C and those

exposed to elevated levels of O3 (Table 1). The SLA of B. juncea increased under O and OT, indicating
that the expansion of leaf area was relatively higher than the biomass accumulation in the leaves
in these treatments compared to C [47]. SLA has been well known as a key traits explaining plants
responses to environmental changes [48]. Physiological change mainly in CO2 assimilation due to
increased O3 might lead to an increase in SLA by decreasing biomass accumulation [49]. The expansion
of leaves is related to a complex suite of factors, including plant hormones, that mediate responses to
environmental conditions [50,51]. In this study, elevated temperature affected the SLA of plants less
severely than elevated O3 did as revealed by no significant change in this content under T compared to
C (Table 1). Furthermore, the interactions between elevated O3 and temperatures observed indicated
that the increase in SLA was more severe due to these two factors acting in combination than when
they acted in isolation.

Lower photosynthetic rates (Anet) were observed under O and OT compared to those in C plants
(Figure 3). Plants under elevated O3 conditions are characterized by reduced photosynthesis at the leaf
level [52,53]. Anet is the primary physiological process mediating plant growth, and it can be limited
by stomatal conductance and/or non-stomatal factors such as Rubisco activity, photosynthetic pigment
content, and photochemical efficiency [54]. Also, reduced mesophyll conductance is related to an
increase of O3 may limit improvements of photosynthesis [55]. In many O3 studies, Anet was decreased
under elevated O3 so that it reduced plant growth [56–58]. Considering the key role of temperature in
affecting plant growth and development, exposure to elevated temperature may occur irreversible
damage [59]. However, in this study, there was no significant difference between photosynthesis rates
under elevated temperature and control conditions at 14 DAE (Figure 3). When a plant experiences
increased temperature, thermal acclimation allows it to improve efficiency at CO2 assimilation at
elevated temperature [45]. In this study, Anet was decreased more under conditions with elevated O3
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and elevated temperature than under elevated O3 alone. This suggests that elevated temperature can
enhance O3 damage to plants due to them causing increased O3 flux which be affected by stomatal
conductance (gs) [53]. gs was significantly increased by elevated temperature in this study (Figure 3).
Unlike increased temperature, O3 damage may be blocked by the closure of stomata as a defense
mechanism against O3 stress [60]. Elevated O3 may occur a rapid transient decrease in gs. In this study,
the stomatal conductance of plants grown under OT significantly decreased compared to that in plants
under T, as described above, whereas there was no significant difference between the C and O (Figure 3).
According to more recent studies, gs is not always decreased by elevated O3, but the degree of O3

flux still affects stomatal conductance [61,62]. Obviously, as E = VPD × gs, transpiration rate (E) also
increased simultaneously with gs under elevated temperatures [63]. In addition, this kind of increase
in E resulted in reduced water use efficiency (WUE) under T and OT compared to C and O at 7 DAE,
respectively (Figure 4 and Figure S1). However, there was no significant difference between these
parameters in O and OT at 14 DAE. Due to acclimation in elevated temperature over time, difference
between low and high WUE decreased during stress period [64]. Long-term exposure to elevated O3

may causes decreased stomatal function, leading to decreased gs and O3 flux. Alterations in gs, E, and
WUE caused by elevated temperature resulted in changes in O3 flux into the leaf as it was estimated
using the value of gs (Figure 4). The results indicated that elevated temperature induced increased O3

flux, which then enhanced O3 damage to the plant to some extent. Conversely, some studies have
investigated the protective effects of elevated CO2 against O3 injury via it causing reduced O3 flux into
leaves [28,65,66].

During this study, the reduced carotenoid content observed under OT can be attributed to
oxidative bursts caused by reactive oxygen species (ROS) accumulation [67]. Carotenoids are regarded
as pigments that play major roles in plant protection against oxidative stress [68].

Ascorbic acid is also a well-known ROS scavenger that can play a major role as a substrate for
ascorbate peroxidase (APX) that allows it to detoxify hydrogen peroxide (H2O2) [69]. This study
showed that the ascorbic acid content of plants under OT was severely decreased compared to that
under C (Figure 5). Elevated temperature and O3 individually affected the ascorbic acid content of
plants in this study (Table S1). The O3- or/and temperature-induced ROS are assumed to have reduced
ascorbic acid by oxidizing it to form dehydroascorbic acid [70].

Lipid peroxidation significantly increased under OT compared to O at 7 DAE. However, at 14 DAE
no significant difference was observed between O and OT (Figure 6). This result can mean that O3

damage occurred to plants grown under OT before it occurred to those grown under O (Table S2). Many
studies have reported that O3 induced lipid peroxidation of membranes in leafy vegetables [65,67].
The oxidative lipid damage in cellular membranes is one of the O3 effects. And, it is associated with
biogenic volatile organics (BVOCs) which are leading to increased O3 formation in atmosphere [71].
BVOCs predominantly leak out from the impaired cell tissue by O3 damage. Elevated temperature
also leads to evaporation and release of a part of the pools of BVOCs [72].

The hydroxyl radical (OH–) is one of the most highly reactive ROS, and can cause much lipid
peroxidation of cell membranes and weaken cellular structures. The formation of OH– may be caused
by the generation of O2

– [73]. In this study, increased accumulation of OH– under O and OT compared
to C was observed (Figure 6). According to the three-way ANOVA conducted, only elevated O3

significantly affected OH– production (Table S1). This study indicates that increased production of
OH– with ozone exposure showed the same trend as increased lipid peroxidation.

Hydrogen peroxide (H2O2) is usually formed as part of the responses of plants to stressful
situations [74]. H2O2 is produced by the detoxification of the superoxide radical (O2

–) by MnSOD. It is
often reported that H2O2 levels increase under heat stress [75,76]. Many studies have also suggested
that higher O3 concentrations are related to increased H2O2 production [77,78]. Unlike OH–, H2O2 is
the most stable ROS, so it is possible for it to diffuse rapidly across cell membranes [79]. In this study,
the H2O2 content of plants grown under O and OT significantly increased compared to C. Furthermore,
there was a significant difference in the production of this ROS between C and T conditions, suggesting
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that the production of H2O2 was affected by heat-induced abiotic stress (Figure 6). The limited CO2

assimilation ability resulting from O3 stress in plants that occurs due to stomatal closure may increase
the production of O2

– [80]. O2
– is the most important oxyradical produced in the apoplast and

dismutates to H2O2 naturally [81]. This study indicated that the production of the superoxide radical
tends to be similarly affected by ozone and temperature as the other ROS examined were. Under O
and OT, increased superoxide radical content was observed at 7 and 14 DAE (Figure 6).

5. Conclusions

This study demonstrated that elevated temperature enhances the negative effects of ozone on the
condition of leaf mustard (Brassica juncea L.) by changing its growth and physiological characteristics,
as well as ROS accumulation in its tissues. It was found that O3 flux, which leads to an increase in the
O3 stress affecting plants, increased under elevated O3 conditions combined with higher temperatures
(OT) more than it did under elevated O3 conditions with optimal temperatures (O) at 7 DAE. For
this reason, plant injury index from visible foliar symptoms of ozone damage were the most severe
under OT conditions at 14 DAE. Foliar damage led to changes in growth parameters. Under OT,
there was a reduction in total fresh weight and dry weight compared to those in the O, whereas the
shoot:root ratio (SRR) and specific leaf area (SLA) increased. In terms of photosynthetic rate, that of
plants grown under OT conditions decreased more than that of plants in the O treatment at 14 DAE.
However, significant increases in intercellular CO2 were observed under these conditions at 7 DAE.
Stomatal conductance and transpiration played an important role in enhancing O3 flux into the leaf,
which aggravated the extent of O3 damage to the plants. Elevated temperature enhanced O3-induced
accumulation of reactive oxygen species (ROS), such as the hydroxyl radical (OH–), superoxide radical
(O2

–), and hydrogen peroxide (H2O2). The generation of ROS is regarded as an indicator of the degree
of O3 damage in plants. This study confirmed the hypothesis that elevated temperature aggravates
O3 damage to leaf mustard by increasing its stomatal conductance. The results further imply that
increased tropospheric O3 concentrations will become more detrimental to leafy vegetables under
projected higher future temperatures.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/1/68/s1,
Table S1: Analyses of variance of the main effects of temperature, O3, and sampling date and their interactions
on growth parameters, gas exchange characteristics, O3 flux, carotenoid, ascorbic acid, lipid peroxidation, as
well as accumulation of hydroxyl radical, hydrogen peroxide, and superoxide radical. Data were analyzed using
three-way or two-way ANOVAs. Table S2: Comparison of 7 and 14 DAE (days after exposure) differences of
each parameter under different ambient and elevated temperature and O3 treatments, respectively. Data are
summarized as means ± SE (n = 5) and were analyzed using the independence t-test. Statistical significance:
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. C: optimal temperatures and ambient O3; T: elevated temperature and ambient
O3; O: optimal temperatures and elevated O3; OT: elevated temperature and elevated O3; DAE: Days after
exposure. Figure S1: Transpiration rate of Brassica juncea L. under different ambient and elevated temperature and
O3 treatments at 7 DAE and 14 DAE.
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