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The initial aim of this study was to evaluate an effect of elevated CO, concentration and air temperature (future
climate) and O3 pollution on mono- and mixed-culture grown summer rape (Brassica napus L.) and wild mustard
(Sinapis arvensis L.). The second task was to reveal the mechanisms of the shift in plants’ competitiveness in
response to single and combined environmental changes. Plants were grown in mono- and mixed-cultures under
current climate (CC) (400 pmol mol ™! of CO,, 21/14°C day/night temperature) or future climate (FC) condi-
tions (800 pmol mol ~* of CO,, 25/18 °C day/night temperature) with and without Os treatment (180 pgm ™).
Competition had relatively little effect on growth of both species at current climate, independent of O treat-
ment. In contrast, competitive effect of both plant species considerably increased under FC, and especially
FC + Os conditions, when growth of mixed-culture rape reduced up to 48% and that of wild mustard up to 80%.
The mechanisms of elevated competitiveness of rape under the future climate consisted of better antioxidative
protection, particularly elevated total antioxidative capacity and activities of peroxidase and ascorbate perox-
idase. Whereas stronger oxidative damage, disproportionally high activities of H,O, scavenging enzymes and
lower pool of soluble sugars in mixed-culture wild mustard reduced its competitiveness under FC + O3 con-
ditions. In conclusion it must be pointed out, that regardless improved competitive abilities of rape under FC and
FC + O3 conditions, competition with wild mustard reduced growth, indicating increased weed-induced yield
losses in the future climate, especially with concomitant intensification of O3 pollution.

1. Introduction

by intensified weed competition as an indirect effect of climate change
(Chauhan and Johnson, 2011).

Weeds are an important pest in agriculture. Despite the advanced
technological achievements in weed control, crop yields can be reduced
by up to 34% due to competition by weeds (Clements et al., 2014).
Increased spread and/or aggressiveness of invasive and native weeds
(Peters et al., 2014) may further increase this problem in the future.
Weeds’ characteristics, such as higher genetic diversity and phenotypic
plasticity, give them an advantage over many crop species, especially
under the changing environmental conditions (Ziska and Runion, 2006;
Clements et al., 2014). These opportunistic plants are typically late-
emerging thermophile (Peters et al., 2014) or C3 weeds (Davis and
Ainsworth, 2012), that are favoured by warmer climate and/or elevated
CO,. Competitiveness, adaptation, and stress tolerance are the char-
acteristics by which weed species secure their survival in a variety of
environmental conditions. Therefore, agriculture may be jeopardized

One of the main reasons of climate change is increasing atmospheric
CO,, concentration. It is projected that CO, concentration will reach the
level of 700 ppm, leading to elevation in air temperature by up to 4 °C at
the end of this century (IPCC, 2013). The most important response of
plants to elevated CO, is an increase in net photosynthetic rate, leading
to improved growth and productivity (Clements et al., 2014).

Increasing concentrations of tropospheric ozone (O3) is another
global ecological problem of increasing significance. Since the begin-
ning of the XX century O3 concentration in Europe has doubled and
currently reaches 100 ugm ™2 (Timonen et al., 2004). The primary ne-
gative effect of ozone is oxidative damage, since O3 produces active
oxygen species (AOS), such as O, , H,0,, OH™, immediately after
entering the apoplast through stomata (Mills and Harmens, 2011). The
initial increase of AOS concentration is followed by the secondary
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oxidative burst, caused by signal transduction responses, impaired
photosynthesis and cellular damage (Castagna and Ranieri, 2009).
Oxidative stress is universal plants' response to multiple environmental
stress agents. AOS can damage the most important biomolecules, such
as proteins, lipids and nucleic acids (Gill and Tuteja, 2010; Pinchuk
et al., 2012). An optimal level of AOS in different cell compartments is
maintained by antioxidative system, which consists of antioxidative
enzymes and non-enzymatic antioxidants — ascorbate, glutathione, fla-
vonoids, carotenoids, etc. These antioxidative compounds are re-
sponsible for plants’ tolerance to many biotic and abiotic stressors (Gill
and Tuteja, 2010).

Crop responses to elevated CO, and other environmental factors is
well investigated. However, our understanding about combined effects
of climate change and other concomitant environmental factors is very
limited. Increasing evidence suggests that elevated CO, mitigates the
negative effects of many stressors, such as drought and/or temperature
(Farfan-Vignolo and Asard, 2012; AbdElgawad et al., 2015), Zn toxicity
and N limitation (Naudts et al., 2014). On the other hand, interaction of
elevated CO,, O3 and temperature usually results in lower stimulation
of crops' growth than elevation of CO, alone (Clausen et al., 2011;
Clements et al., 2014). Similarly, positive effects of elevated CO, might
be reduced or even reversed by competition with weeds, whose growth
will also be promoted by higher CO, concentration (Valerio et al., 2013;
Clements et al., 2014). Competition between crops and weeds under
increasing ozone concentration, could be determined by differential O3
tolerance (Fuhrer, 2009). However, competition per se may alter plant
response to other environmental factors (Ziska, 2001) and thus modify
crop competitive abilities in the changing environment. Similarly,
Menéndez et al. (2017) have evidenced that competitive interaction has
greater role in determining plants’ responses to O3 than species sensi-
tivity to this xenobiotic.

Experimental data of weed-crop competition under combined
changes in temperature, CO, and other abiotic stress factors are very
scarce. Therefore, we investigated the competition between the C3 crop
summer rape (Brassica napus L.) with C3 weed wild mustard (Sinapis
arvensis) under current and future climate conditions (elevated CO, and
temperature), with and without elevated O3 levels. Rape is one of the
most important crops, mainly used for seed oils (both edible oil and
biofuel) as well as for fodder. The changing climate, however, can ad-
versely affect the rape's harvest (He et al., 2017) and oil quality
(Namazkar et al., 2016). Sharp reduction in seed biomass, average
content of oil and fatty acids was detected in rapes exposed to FC
conditions (elevated CO, and temperature), especially acting together
with higher O3 concentrations. These findings demonstrate the need
and importance of crop researches embracing combined effects of FC
and air pollutants (Namazkar et al., 2016). Apart from this, various
pests, weeds and diseases are detrimental for rape crops. The most
problematic weeds for these crops are broad leaf Brassicaceae weeds.
One of the best examples is wild mustard, a prevalent winter annual
weed, which is particularly difficult to control in oilseed and cereal
grain crops (Huang et al., 2001). Since little is known about the me-
chanisms, that determine the effects of integrated environmental
changes on the interaction between agricultural crops and wild plants,
the aim of this study was to examine an effect of future climate and
ozone pollution on mono- and mixed-culture grown summer rape and
wild mustard and to reveal the biochemical and physiological me-
chanisms of the shifts in plants' competitiveness in response to single
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and combined environmental changes. Based on the previous findings
we supposed an increased weeds' competitiveness towards the crop
species under the future climate (elevated air temperature and CO,
concentration) and/or O3 pollution. Secondly, we hypothesized that the
mechanisms of the shifts in weed/crop competition include the complex
changes in photosynthetic and antioxidative systems, as well as oxi-
dative damage in response to the neighbouring plant species.

2. Materials and methods
2.1. Growing conditions and experimental design

Experiments were conducted in phytotron chambers at Vytautas
Magnus University, Lithuania. Summer rape (Brassica napus L., variety
‘Fenje’) and wild mustard (Sinapis arvensis) were grown in a mixture of
field loam soil, perlite and sand (volume ratio 5:3:2), in 31 plastic pots.
Sixteen plants per pot were grown in monoculture; 8 seedlings of wild
mustard were grown in addition to 16 rapes in the mixed-culture
conditions.

All plants were germinated at current climate (CC), corresponding
21/14°C day/night temperature and 400pumolmol ' of CO,. The
treatments of O3 and/or future climate (FC) were started at the 10-11th
BBCH growth stage (Meier, 2001) and lasted 3 weeks. Future climate
conditions corresponded 25/18°C day/night temperature and
800 umolmol ™! of CO,. Ozone-exposed plants were treated with
180 ugm ™3 O3 concentration, whereas plants without O5 treatment
were growth in charcoal filtered air with ~0pgm ™2 O3 concentration.
Consequently, investigated plants were grown in four different sets of
environmental conditions: CC and FC with or without O treatment (CC,
CC + O3, FC, FC + O3) (Table 1). Considering 3 sets of species com-
position (monoculture rape, monoculture wild mustard, mixed-culture
plants), experimental setup consisted of 12 different treatments. All
treatments were run in 3 replicates, based on the previous researches
(Ziska, 2000; Chauhan and Johnson, 2011; Januskaitiené et al., 2018).
In order to minimalize variability of plant response within individual
experimental treatments, randomization and regular spatial re-
arrangement of the pots were applied (Poorter et al., 2012).

The following climatic conditions were uniform in all chambers:
photoperiod of 14 h, relative humidity of ~70% and 230 ymolm~2s~!
photon flux density of photosynthetically active radiation (PAR), pro-
vided by day-light luminescent lamps (Philips, Waterproof OPK Natural
Daylight LF80) and high-pressure sodium lamp (Philips MASTER
GreenPower CG T 600 W). Complex fertilizers were applied to all pots
at the sowing day (NPK 12-11-18 + microelements, 90 kg N ha~') and
at the beginning of the treatments (level of nitrogen increased until
150kg N ha™1). Climatic conditions in the growth chambers were set
and controlled automatically. The concentration of CO, was manipu-
lated by controlling the amount of injected CO, gas and the chamber
conditioner. The O3 gas was supplied by ozone generator OSR-8 (Ozone
solutions, Inc) and the concentration was automatically monitored and
regulated by ozone sensors OMC-1108. The climate program was con-
trolled by the IGSS 9-13175 software.

2.2. Determination of plants growth

At the end of O3 and/or FC treatments 5 plants from each pot were
harvested and divided into shoots and roots for determination of dry

The experimental setup and conditions of different treatments applied for monoculture rape and wild mustard seedlings as well as for mixed-culture plants.

Current climate (CC) 21/14 °C day/night temp., CO, 400 umol mol ~*

Future climate (FC) 21/14 °C day/night temp., CO5 400 pmol mol ~*

03 control Opgm ™3 CcC
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biomass. Roots were carefully washed, and the samples were dried at
70 °C until a constant dry weight was obtained (~5 days). Biomasses of
roots and shoots samples were recalculated into dry biomass per plant
and root/shoot ratio. Four plants from each pot were used for evalua-
tion of leaf area. Leaves were removed and scanned using CanoScan
4400F scanner (Canon, USA). Leaf area was evaluated using GIMP 2.8
software.

2.3. Gas exchange measurements

Gas exchange was measured using a portable closed infra-red gas
analyser LI-COR 6400 (LI-COR, Inc., Lincoln, NE, USA) with randomly
selected the youngest fully expanded leaves at the last day of the
treatment between 10:00 a.m. and 5:00 p.m. Photosynthetic rate (A,
pumol CO, m~2 s~ 1), stomatal conductance (gs, mol H,O m=2s™Y,
transpiration rate (E, mmol H,O m~2 s~ ') and intracellular CO, con-
centration (C;, pmol CO, mol air ') were recorded automatically for
approximately 10 min, at 5s interval. Air flow rate through the as-
similation chamber was set at 500 ymol s~ !, PAR at the leaf surface was
of ~205umolm~2s~ !, After embedding in the assimilation chamber,
leaves were allowed to acclimate for ~5 min, until gas exchange was in
a steady state. Water use efficiency (WUE, umol CO, mmol H,0 ™ ') was
calculated as CO, assimilation rate (A) dividing by transpiration rate

B).
2.4. Determination of biochemical parameters

Leaves of plants were harvested and immediately frozen with liquid
nitrogen. Frozen and grounded biomass was stored at 80 °C until the
analyses. 50-100 mg of leaf tissue was weighted into the 2 ml Eppendorf
test-tubes and pulverized in liquid nitrogen with MagNALyser
Instrument (Roche, Vilvoorde, Belgium). The powder of the tissue was
homogenized in 1 ml 80% (v/v) ethanol, the supernatant was used for
biochemical analysis (except antioxidative enzymes). All measurements
were run in 3 biological and 4 analytical replicates.

The concentration of TSS was determined using Anthrone reagent
(Leyva et al., 2008). Tissue extract was transferred into microplate and
mixed with 0.1% (w/v) Anthrone, diluted in concentrated sulfuric acid.
Reaction mixture was incubated at 85 °C for 45 min. After incubation,
the absorbance of the reaction mixture was measured at 620 nm with
Microplate reader (Synergy Mx, BiotekInstruments Inc., Vermont,
USA), using glucose as a standard.

The concentrations of chlorophylls a+b and carotenoids in tissue
extract were calculated by equations: C(chl a
+b) = 5134 X ODges + 20 X ODgys, C(carot) = 4695 X ODyyq -
0,268 x C(chl a+b), where C(chl a+b) — concentration of chlorophylls
a+b (ug/ml), C(carot) — concentration of carotenoids (pg/ml), ODge4,
ODg4s and ODy4yo — absorption of leaf tissue extract at appropriate
wavelength. The concentrations of photosynthetic pigments in plant
leaves (mg g~ FW) were calculated evaluating tissue biomass and the
amount of ethanol used for extraction.

Lipid peroxidation was determined by measuring the concentration
of malondialdehyde (MDA) wusing a thiobarbituric acid-mal-
ondialdehyde (TBA-MDA) assay (Murshed et al., 2008). The super-
natant of the tissue extract was transferred into microplate and mixed
with 0.5% (w/v) TBA, diluted in 20% (w/v) trichloroacetic acid. The
reaction mixture was incubated at 85 °C for 45 min. The reaction was
terminated by transferring the microplate into ice bath. The absorbance
was measured at 440, 532 and 600. The concentration of MDA in tissue
extract was calculated by equation: (6.45 X (ODs3z - ODgoo) -
0.56 X OD440)/0.478, where ODs35, ODgog and OD44¢ — absorption of
reaction mixture at appropriate wavelength. MDA concentration if
plant leaves were calculated evaluating tissue biomass and all dilutions
throughout analysis.

Total antioxidant capacity (TAC) of leaf extracts was estimated by
means of the Ferric Reducing Ability of Plasma (FRAP) assay (Benzie
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and Strain, 1996). The tissue extract was mixed in microplate with
FRAP reagent. The reagent contains 0.3M acetate buffer (pH 3.6),
10 mM 2,4,6-Tris (2-pyridyl) s-triazine (TPTZ) prepared in 40 mM HCl
and 20 mM FeCls. The absorbance was measured at 600 nm 6-Hydroxy-
2,5,7,8-tetra methylchroman-2-carboxylic acid (Trolox) was used as a
standard.

Polyphenols’ concentration was determined by  using
Folin—Ciocalteu reagent (Zhang et al., 2006). Tissue extract was mixed
with 10 times diluted Folin—Ciocalteu reagent and saturated Na,COs3.
After 1h incubation in the dark the absorbance was measured at
725 nm. Gallic acid was used as a standard.

For determination of flavonoids’ concentration, the leaf tissue ex-
tract was mixed with 10% (w/v) aluminium chloride and 1M po-
tassium acetate. The absorbance was measured at 415 nm after 30 min
incubation at room temperature (Chang et al., 2002). Quercetin was
used as a standard.

Activities of the following antioxidative enzymes were detected:
catalase (CAT), peroxidase (POX), ascorbate peroxidase (APX), mono-
dehydroascorbate reductase (MDAR), dehydroascorbate reductase
(DHAR), glutathione peroxidase (GPX) and glutathione reductase (GR).
Frozen tissues (0.05 g) were homogenized in 1 ml 0,05 M K-phosphate
buffer (pH 7.0). Extracts were homogenized by MagNALyser (20s,
6000 rpm), extraction buffer contained 2% (w/v) PVPP, 0.4 mM EDTA,
0.2mM PMSEF. Activities of antioxidative enzymes were measured
spectrophotometrically in microplates. Activities of DHAR and MDHAR
and GR were determined as was described by Murshed et al. (2008).
Catalase activity was assayed by monitoring consumption of H,O, at
240 nm. Peroxidase (POX) activity was measured according to Kumar
and Khan (1982) by monitoring the production of purpurogallin at
430 nm.

2.5. Statistical analysis

Fisher's Least Significant Difference (LSD) test was applied to eval-
uate statistically significant differences between the means of in-
vestigated parameters. The threshold for significance was a p-value <
0.05. Factorial ANOVA was used to evaluate the effects of competition,
O3 and FC treatments and their combinations on crop's and weed's
growth as well as on photosynthetic and biochemical parameters. All
analyses were performed by STATISTICA 8 software.

3. Results
3.1. Plant growth

Future climate positively affected rape's growth: 83% and 38% in-
creases were detected for shoot biomass and leaf area, respectively
(Fig. 1A,D); lower but significant increase was also noticed for root
biomass (Fig. 1B). Therefore rape's root/shoot ratio reduced under FC
conditions (Fig. 1C) Wild mustard was less tolerant than rape to ozone
at CC. Biomass of weed's shoot and root reduced by 31% and 52%
(p < 0.05) under O3 treatment, respectively (Fig. 1E and F). FC had
negligible effect on weed growth, however, it markedly reversed the
negative O3 impact: monoculture grown weeds had significantly higher
biomass at FC + O3 compared to CC conditions (Fig. 1E and F).

Weed had negligible effect on the growth of rape at current climate,
independent of O3 pollution. Only root biomass was slightly reduced at
CC conditions (Fig. 1B). Competition-induced growth inhibition sharply
increased at FC and especially at FC + Oj conditions. The most drastic
changes were found for leaf area, which reduced by 35% and 48% at FC
and FC + O3 conditions (p < 0.05) (Fig. 1D). Consistent with these
results, ANOVA analysis showed that FC and weed competition sig-
nificantly affected rape's growth (Al). Growth of wild mustard at CC
was stronger affected by competition than rape: root biomass and leaf
area significantly reduced in mixed-culture grown weeds (Fig. 1F,H).
Similarly to rape, the negative competition effect on wild mustard also
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Fig. 1. Dry biomass (DW) of root and shoot, root/shoot ratio and leaf area of summer rape and wild mustard grown under different climate conditions (CC - current
climate, + O3 — O3 treatment at current climate, FC — future climate, FC + O3 — O treatment at future climate). The whiskers are standard errors (n = 3); different
letters above the columns indicate statistical significant differences between the means.

sharply increased at FC and especially at FC + Os conditions, when
root growth was suppressed by 80% and root/shoot ratio reduced by
~2 times (Fig. 1F and G). It must be pointed out, that competition-
induced crop's growth inhibition was considerably lower: rape's root
growth was suppressed by only 40% (Fig. 1B), shoot biomass and LA of
rape was also less affected by competition than that of wild mustard.
This finding indicates reduced wild mustard competitiveness and con-
tradicts our hypothesis that competitiveness of weed increases at future
climate (FC and/or FC + O3 conditions).

3.2. Photosynthesis and gas exchange parameters

To investigate the physiological basis of the differential response of
the two species to FC and O3, we first analysed gas exchange para-
meters. Ozone negatively affected photosynthetic rate (A) in both plant
species, whereas stimulating FC tendency was insignificant (Fig. 2A,E).

Rape's A tended to decrease due to competition with wild mustard;
however, significant weed-induced down-regulation was observed only
under CC + O3 (51%, p < 0.05) and FC + O3 treatment (23%,
p < 0.05) (Fig. 2A). According to ANOVA, competition effect on A was
low, as compared to the effect of O (F = 47.8, p < 0.001) and climate

(F=29.7, p < 0.001) (A1). As was expected, stomatal conductance
(gs) and transpiration rate (E) tended to decrease due to O3 treatment
and to increase at FC in both plant species. G5 and E in rape were not
altered by weed competition at CC; whereas down regulation of these
parameters was detected under CC + O3 and FC conditions (Fig. 2B and
C). WUE was little affected by competition with wild mustard, sig-
nificant reduction was detected only at CC conditions (Fig. 2D).

3.3. Photosynthetic pigments

To investigate if differences in photosynthesis were entirely related
to stomatal conductance we also measured the levels of chlorophyll and
carotenoid pigments. FC and elevated O; tended to increase the con-
centrations of chlorophylls and carotenoids in monoculture rape's
leaves (Fig. 3A and B), corresponding to slight A stimulation (Fig. 2A).
In contrast, reduction was observed in wild mustard in response to O3
treatment (Fig. 3D and E). This effect was even more intensified by
competition with rape at CC + O3 conditions.

Competition-induced changes in the pool of photosynthetic pig-
ments were inconsistent and relatively low in both plant species. Strong
and significant reduction in concentration of chlorophylls and
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carotenoids in mixed-culture compared to monoculture rape (Fig. 3A
and B) and wild mustard (Fig. 3D and E) was noticed only at CC + O3
conditions. In the case of rape, this reduction was closely correlating
with reduced photosynthetic rate due to competition under O; treat-
ment (Fig. 2A).

3.4. Accumulation of soluble sugars

Downstream of photosynthesis, the level of total soluble sugars
(TSS) sharply increased (more than 2-fold) in monoculture crop at FC
compared to CC conditions (Fig. 3C). Even higher increase (about 3-
fold) was detected in monoculture weed under FC and FC + O3 con-
ditions (Fig. 3F). Climate was the main factor of variation of TSS in rape
(F =38, p < 0.0001) and wild mustard (F = 72.1, p < 0.0001) (Al).

Considering weed competitive effect on accumulation of TSS, its
concentration significantly increased only in mixed-culture rape com-
pared to monoculture ones (82%, p < 0.05) under O3 treatment at
current climate (Fig. 3C). Whereas strong and significant reduction
(38%, p < 0.05) was characteristic for mixed-culture compared to
monoculture weed at FC + O3 conditions (Fig. 3F). Thus, FC increased
TSS in absence of a clear induction of photosynthetic rate, and the
presence of weeds under CC + O treatment also strongly increased
TSS, which is opposite to the effects on photosynthesis and does not
correlate with the absence of an effect on growth.

FC+03

198

FC

Fig. 2. Photosynthetic parameters of summer rape and wild mustard grown under different climate conditions. Designations as in Fig. 1.

cC +03 FC+03

3.5. Lipid peroxidation and antioxidative capacity

Because the main consequence of elevated O is thought to be the
induction of oxidative stress, we investigated oxidative damage caused
by the treatments and the response of the plants' antioxidant regulation
system. As expected, ozone significantly increased oxidative damage in
rape's leaves under current and future climate (Fig. 4A). In contrast,
lipid peroxidation tended to reduce in monoculture wild mustard, ex-
posed to CC + O3, FC and FC + O3 conditions (Fig. 4E). Total anti-
oxidative capacity (TAC) in leaves of monoculture rape and wild
mustard sharply increased (2.5 times) at FC and FC + O3 conditions
(Fig. 4B,F). Consistent with these results, future climate was the main
factor for variation of TAC in leaves of rape (F = 776.8, p < 0.0001)
and wild mustard (F = 769.2, p < 0.0001) (A2). However, the in-
duction of TAC by FC and FC + O3, was at best sufficient to limit, but
not to prevent the induction of oxidative damage.

The impact of interspecific competition on lipid peroxidation in
both plant species varied between negligible effect at CC, significant
reduction at CC + O3 and considerable increase (39% and 20%,
p < 0.05, in rape and wild mustard, respectively) at FC conditions.
However, oxidative damage was reduced in rape (16.5%) and increased
in wild mustard (20.4%) under FC + O3 conditions by the presence of
the other species (Fig. 4A,E). Competition-induced changes of TAC
corresponded to the reduction of oxidative stress under CC + O3 and
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Fig. 3. Concentrations of photosynthetic pigments and total soluble sugars in the leaves of summer rape and wild mustard grown under different conditions.

Designations as in Fig. 1.

intensification of it under FC conditions. However, statistically sig-
nificant increase of TAC was detected in mixed-culture rape under FC,
and reduction in mixed-culture wild mustard under CC + O3 conditions
(Fig. 4B,F).

3.6. Polyphenols and flavonoids

To further understand the variations in TAC, we measured the levels
of key antioxidant metabolites. The concentration of polyphenols re-
duced in monoculture plants at FC as compared to CC conditions; in
contrast, O; tended to increase the pool of phenolic compounds
(Fig. 4C,G). The concentration of flavonoids to some extent repeated
the variation of polyphenols (Fig. 4D,H). Based on ANOVA analysis,
polyphenols and flavonoids were mostly affected by climate conditions
in both plant species (A2).

Competition induced significant reduction and increase of poly-
phenols concentration in plants' leaves at CC + Oz and FC conditions,
respectively (Fig. 4C,G). The changes of flavonoids in plants’ leaves
followed the similar pattern as polyphenols (Fig. 4D,H). However, ex-
ceptionally strong increase (3.6 times, p < 0.05) was detected in fla-
vonoids pool in mixed-culture compared to monoculture rape and wild
mustard at FC + Os conditions (Fig. 4D,H).

Thus, stimulation of TAC by FC (Fig. 4B,F) was not related to these
antioxidant metabolites, whereas the increase in rape's TAC by com-
petition under FC conditions could be at least partly determined by
higher concentrations of polyphenols.

3.7. Antioxidative enzymes

A second line of defence against oxidative damage involves the
activity of antioxidative enzymes. Future climate stimulated activities
of H,0, scavenging enzymes in monoculture-grown rape. Activities of
CAT (Fig. 5A) and GPX (Fig. 5D) increased by 2.7 and 3.9 times
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(p < 0,05), respectively; instead, POX (Fig. 5B) activity was elevated
by FC + Oj treatment. Activity of DHAR, responsible for recovery of
reduced ascorbate, also increased (Fig. 6B); whereas MDAR (Fig. 6C)
and GR (Fig. 5C) were downregulated by FC, independent of O treat-
ment. In contrast to rape, antioxidative enzymes in wild mustard were
not stimulated by FC; only GPX activity was sharply increased (almost
3-fold) by O3 treatment (Fig. 5H).

Interspecific competition affected both plant species in similar way,
especially under the current climate: MDAR (Fig. 6C,F) and GR
(Fig. 5C,G) activities were reduced, whereas GPX (Fig. 5D,H) sharply
increased by competition in rape (6.7 times) and wild mustard (2.8
times) (p < 0.05). A powerful increase of POX (Fig. 5B,F), APX
(Fig. 6A,D) and GPX (Fig. 5D,H) activities was detected in mixed-cul-
ture rape and wild mustard as compared to monoculture ones under
CC + Og, FC and/or FC + Oj conditions. The highest stimulation of
these enzymes was observed in mixed-culture wild mustard exposed to
FC + Oj conditions, when activity of these H,O, scavenging enzymes
increased from 10.8 to 12.6 (POX and APX, respectively) (Figs. 5F and
6D) to 20.7-207 times (GPX) (Fig. 5H).

4, Discussion

In order to elucidate the shift of competitive abilities of summer
rape with C3 weed wild mustard in the changing environment (climate
change and O3 pollution), we examined O; effects on monoculture-
grown plants and on weed-crop interaction at current climate and fu-
ture climate on mono- and mixed-culture-grown plants with and
without ozone treatment.

4.1. Response of monoculture plants to O3 pollution at current climate

Ozone is strong atmospheric oxidant, penetrating plasmalemma
through stomata and forming various AOS after reaction with water
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Fig. 4. The level of membrane oxidative damage (MDA concentration), total antioxidant capacity (TAC) and concentrations of polyphenols and flavonoids in the
leaves of summer rape and wild mustard grown under different conditions. Designations as in Fig. 1.

(Castagna and Ranieri, 2009). Our research has shown relatively strong
O3-induced down-regulation of photosynthetic rate and intensification
of oxidative stress in monoculture rape; on the contrary, O; effect on
rape's growth was low and insignificant. Reduction in stomatal con-
ductance, increased concentrations of chlorophylls and low-molecular
weight antioxidants (carotenoids, polyphenols and flavonoids) could be
responsible for effective prevention of more severe damage. This
finding is in accordance with earlier studies, demonstrating negligible
O3 effect on growth and productivity of oilseed rape and barley
(Clausen et al., 2011), as well as low growth inhibition vs. strong oxi-
dative damage in Os-treated barley seedlings (Kaciené et al., 2015).
Oilseed rape is attributed to the moderately ozone-sensitive crops
(Fuhrer, 2009; Mills and Harmens, 2011), whereas almost nothing is
known about weed wild mustard sensitivity to Os. In the current study
wild mustard was found to be less tolerant than rape to ozone treat-
ment, which induced strong reduction of root and shoot biomass and
leaf area as well as degradation of photosynthetic pigments. However,
shoot biomass was reduced much weaker than LA, implying biomass
allocation from leaves to stems and/or increased thickness of leaves.
Increased concentrations of total soluble sugars (TSS) and polyphenols,
as well as reduction in lipid peroxidation and stimulation of H,O,
scavenging GPX was also detected in Osz-exposed wild mustard, in-
dicating a trade-off between Os-induced damage and activation of the
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mechanisms of defence.

4.2. O3 effects on weed-crop competition under current climate conditions

The presence of wild mustard had a small effect on the growth of the
rape at current climate, ozone-free conditions. Growth of wild mustard
suffered more than rape from interspecific competition, as weed's root
DW and especially LA were significantly reduced. Since relative leaf
area at early growth stage is important determinant of shading and
weed-induced yield loss at maturity (Kropff and Spitters, 1991; Valerio
et al., 2013), our data suggest that competitive impact of wild mustard
on rape is relatively low at current climate, at least under investigated
plant densities.

Although wild mustard was more sensitive to ozone than rape, its
competitiveness with respect to growth did not change considerably
under O3 treatment. This finding contradicts the previous suggestions,
that differential O tolerance could determine an outcome of weed-crop
competition (Fuhrer, 2009; Li et al., 2013). Regardless negligible
changes of growth, a shift was detected at physiological and biochem-
ical level of mixed-culture as compared to monoculture plants. Com-
petition under elevated O3 concentration induced significant mitigation
of oxidative damage, as well as considerable reduction in concentra-
tions of chlorophylls and low molecular weight antioxidants
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(carotenoids, polyphenols and flavonoids) in both plant species.
Whereas competition-induced changes in antioxidative enzymes and
photosynthetic system were significant only for rape: APX and POX
activities was elevated, and photosynthetic parameters and WUE re-
duced in response to weed competition. Reduction in A may be caused
by degradation of chlorophyll and impaired activity of mesophyll cells
due to combined effect of O; and weed interaction, as was already
noticed by Li et al. (2016). Apart from this, downregulation of A might
be also induced by sharply increased accumulation of TSS instead of
direct negative effect of wild mustard. These variations in plants’
physiological functions, oxidative damage and the pools of important
biomolecules indicate physiological and biochemical response to com-
plex action of O3 and interspecific competition, though not strong en-
ough to result in significant suppression of growth. However, it can also
signify stronger weed-induced damage in the subsequent growth stages
of crops exposed to O3 pollution at the current climate, as was already
evidenced by Li et al. (2013).

4.3. Future climate effects on monoculture plants

Positive effect of FC conditions on crops' growth and productivity is
widely elucidated in scientific literature (Singh and Agrawal, 2015;

FC FC+03

FC FC+0O3

+03
Fig. 5. Activities of catalase (CAT), peroxidase (POX), glutathione reductase (GR) and glutathione peroxidase (GPX) in the leaves of summer rape and wild mustard
grown under different conditions. Designations as in Fig. 1.

Yoon et al., 2009; Aranjuelo et al., 2011; AbdElgawad et al., 2015;
Kacieneé et al., 2017). Our results also revealed that elevated CO, and
temperature stimulate rape's growth: biomass of root and shoot, leaf
area as well as accumulation of soluble sugars significantly increased. In
contrast to considerable growth stimulation, rape's photosynthetic
carbon assimilation had risen by much lesser extent. Together with
markedly increased transpiration rate, this led to reduced WUE. Among
the major obstacles to elevated CO»-induced photosynthetic stimulation
could be strong accumulation of TSS in rape's leaves, as was evidenced
in previous researches (Aranjuelo et al., 2011; Kaciené et al., 2017).
Apart from photosynthetic performance, there are other internal
factors that contribute to future climate-induced growth stimulation.
One of the most important is improved antioxidative system (Singh and
Agrawal, 2015; Xu et al., 2015). In agreement with earlier suggestions,
a powerful increase in TAC as well as activities of H,O, scavenging
antioxidative enzymes (CAT and GPX) and ascorbate recovering DHAR
was detected in FC-grown rape. Total antioxidative capacity in plants is
maintained by low-molecular weight antioxidants (Naudts et al., 2014),
such as carotenoids, which concentration was also elevated in FC—,
compared to CC-grown rape. CAT is one of the most efficient anti-
oxidative enzyme, whereas GPX and DHAR are important enzymes that
work together in ascorbate-glutathione cycle in many compartments of
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the cell (Mittler et al., 2004). Therefore, activation of these antioxidants
reveals the role of both enzymatic and non-enzymatic antioxidative
system in FC-induced rape's growth stimulation.

Future climate fractionally modified Os effects on rape, whereas
completely reversed Os-induced growth inhibition of wild mustard. The
protective role of FC might be explained by mitigated damage on
photosynthetic carbon assimilation and improved total antioxidative
capacity, supporting the previous findings about the importance of
antioxidative system in FC-induced protection against environmental
stress factors (Farfan-Vignolo and Asard, 2012; Naudts et al., 2014;
AbdElgawad et al., 2015; Xu et al., 2015).

4.4. Combined future climate and O3 effects on weed-crop competition

Future climate significantly increased the competitive impact of
both investigated plant species. Several examples in scientific literature
have also demonstrated the intensification of C; weed competitive
impact on Cz crops under the climate change (Ziska, 2000; Valerio
et al., 2013). Surprisingly, in contrast to our hypothesis, a much greater
increase in competitiveness was observed in rape than in wild mustard.
This was the most obvious for growth of belowground biomass: the root
biomass of wild mustard was suppressed twice as much as the root
biomass of rape by interspecific competition. The shift in biomass
partitioning, especially with respect to increased root production, is
important CO»-induced effect on plants, ameliorating nutrients and
water availability (Runion et al., 2008). Previous studies suggest that
increased biomass allocation to roots at future climate could help plants
to resist drought stress (Naudts et al., 2014) and competition (Miri
et al., 2012). Therefore, sharp reduction of roots growth of wild mus-
tard in response to competition at FC and especially at FC + O3 con-
ditions could lead to overall reduction in competitiveness of this weed.

The mechanisms which underlie the shift of outcomes of weed-crop
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competition under the future climate can be explained by the changes
at physiological and biochemical level. Some previous studies suggest
that photosynthetic performance is important determinant of compe-
tition effects at current (Ratnayaka et al., 2003) and future climate (Li
et al., 2016; Januskaitiené et al., 2018). However, the differences in
photosynthetic rate, WUE and other gas exchange parameters between
monoculture- and mixed-culture-grown rape as well as wild mustard
were low and mostly statistically insignificant. In contrast, lipid per-
oxidation and concentration of polyphenols significantly increased in
mixed-culture plants under FC conditions, indicating stronger oxidative
damage and antioxidative response to interspecific competition. How-
ever, TAC and activities of APX and POX were significantly higher only
in rape. Therefore, better antioxidative protection seems to be re-
sponsible not only for FC-induced growth stimulation of monoculture
rape, as was discussed previously, but also for improved rape's com-
petitive abilities under the future climate.

Considering the combined effect of FC and O3 on weed-crop com-
petition, the most powerful changes were observed in redox parameters
(lipid peroxidation, H,O, scavenging enzymes and flavonoids) and TSS.
First, activities of POX, APX and GPX sharply increased in mixed-cul-
ture, compared to monoculture plants at FC + O3 conditions. On the
one hand, this can lead to better antioxidative protection and lower
oxidative damage, as was detected in rape. Overproduction of anti-
oxidants, however, might be ineffective and misleading use of re-
sources, as was a case of mixed-culture wild mustard, which demon-
strated increased lipid peroxidation and extremely high activities of
POX, APX and GPX. Well-balanced content of antioxidants and miti-
gation of oxidative damage under the future climate has been already
proved to play an important role in Echinochloa crus-galli L. competi-
tiveness (Januskaitiené et al., 2018) and grasses resistance (Naudts
et al, 2014). Therefore, increased oxidative damage and dis-
proportionally high activities of H,O, scavenging enzymes is one of the
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reliable mechanisms of reduced wild mustard competitiveness at
FC + O3 conditions.

The second potential reason of the shift in rape and wild mustard
competitiveness at FC + O3 conditions can be considerable reduction of
TSS content in mixed-culture wild mustard. Soluble sugars are involved
in gene regulation, antioxidative defence and signal transduction
(Keunen et al., 2013). Naudts et al. (2014) have found that changes in
sugar metabolism, with respect to increased C allocation to non-struc-
tural soluble carbohydrates, is one of the major stress-coping strategies
of grassland species under the future climate. The results of our study
imply that accumulation of TSS also contributes to plant competitive-
ness in weed/crop interactions. Reduced TSS content in leaves of
mixed-culture wild mustard could also influence intense inhibition of
root growth and reduction in weed competitiveness via reduced C
transport in the phloem.

Sharply increased concentration of flavonoids could be the third
mechanism, explaining the severe intensification of plants' competitive
impact at FC + O3 conditions. Flavonoids play a number of functions in
plants, such as antioxidative defence, regulation of shoot and root de-
velopment and allelopathic protection against weeds and pests (Weston
and Mathesius, 2013). Almost 4-fold increase of flavonoid content in
the leaves of mixed-culture rape and wild mustard allows us to assume
a stimulation of flavonoid transport to the roots and soil and hereby
increased allelopathic interaction and growth inhibition of both mixed-
culture plants. However, plants’ allelopathic interaction was not in-
cluded in the scope of this study; further research is needed to validate
the presumption that allelopathic interaction between Brassicaceae
weeds and crops might be considerably intensified by concomitant in-
crease in CO,, temperature and O3 concentration.

5. Conclusions

The results of this study show that FC conditions stimulate rape's
growth via an increase in total antioxidative capacity as well as activ-
ities of H,O, scavenging antioxidative enzymes and ascorbate re-
covering DHAR. Rape and wild mustard interaction effect on plants'
growth at current climate is negligible; however, competitive effect of
both plant species considerably increases at FC and especially FC + O3
conditions, when growth of rape was significantly reduced by weed
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competition. Nevertheless, the competitiveness of rape increases more
than that of the wild mustard, negating our hypothesis of increased
weeds' competitiveness towards the crop species under the future cli-
mate and/or O3 pollution. The mechanisms which underlie higher ra-
pe's competitiveness under the future climate consists of better anti-
oxidative protection, evidenced by elevated TAC and activities of APX
and POX. Whereas stronger oxidative damage, disproportionally high
activities of H,O5 scavenging enzymes (POX, APX and GPX) and con-
siderably decreased pool of TSS in mixed-culture wild mustard de-
termines its sharply reduced competitiveness under FC + O; condi-
tions. It must be emphasized, however, that regardless improved
competitive abilities of rape, competition with weeds strongly interferes
with the crop's growth, indicating increased yield losses due to the
presence of weeds in the future climate, especially with concomitant
intensification of O3 pollution. The potential mechanism of growth re-
duction, which should be deeper investigated in the future, is flavonoid-
based allelopathic interaction between rape and wild mustard under
FC + O3 conditions.
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Appendix 1. F values of the analysis of variance (two-way ANOVA) of growth and gas exchange parameters (A — photosynthetic rate, g; — stomatal
conductance, E — transpiration rate, WUE — water use efficiency) of rape and wild mustard exposed to interspecific competition (Comp), ozone (O3) and future

climate (Climate) treatments as well as their combinations.

Plant Shoot DW Root DW Leaf area A & E WUE
Comp Rape 4.8* 26.8%** 21.8%** 8.4% 12.5%* 8.9*% 9.1%
Climate 28.1%** 17.4%* 16.1%* 29.7 42.2%* 261.2 83.3%**
O3 0.8™ 1.27 4.9* 47.8 167.0 142.0 0.3
Comp*Climate 4.2 3.0™ 20.9%** 2.0™ 0.2" 0.6™ 10.3%*
Comp*O3 0.6™ 2.9™ 1.5™ 3.0™ 0.7" 1.5™ 0.2
Climate*O3 0.3% 11.2%* 4.8* 0.6™ 1.2 12.3° 7.4*
Comp*Climate*O3 0.1 6.2% 0.3" 0.3™ 5.4* 3.8™ 5.6*
Comp Wild mustard 16.3%** 5.0%*
Climate 1.2
O3 4.1m 5.1% .
Comp*Climate 20.4%%* 6.5%* 2.5
Comp*O3 2.6™ 4.6%* 0.8
Climate*O3 22.2%%* 14.3%** 21.9%**
Comp*Climate*O3 2.4 8.2%*% 0.4"

ns Not significant.
*p < 0.05.

#*p < 0.001.

p < 0.0001.
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Appendix 2. F values of the analysis of variance (two-way ANOVA) of biochemical parameters (Chl a+b — chlorphyl a and b, Carot — carotenoids, TSS — total
soluble sugars, MDA — malondilhehyde, TAC - total antioxidative capacity) of rape and wild mustard exposed to interspecific competition (Comp), ozone (O3)

and future climate (Climate) treatments as well as their combinations.

Plant Chl a+b Carot TSS MDA TAC Poly-phenols Flavo-noids
Comp Rape 13.3 0.0™ 1.7ns 8.5%* 10.3%* 8.0% 9.4%*
Climate 38.6%** 65.0%** 38.0%** 53.9%%= 776.8%%* 360.9%** 101.2%**
O3 1.3™ 0.5™ 0.3ns 2.0™ 5.5% 13.0%* 22.8%**
Comp*Climate 12.2%* 15.3%* 0.2ns Rk 20.9%** 76.4%%*
Comp*O3 25.2%%* 11.4%* 12.3** 56.1%** 8.2% 0.5™
Climate*O3 3.1™ 6.5* 18.7%** 3.5 0.7 24.6%**
Comp*Climate*O3 0.9% 10.7%* 2.3ns 1.4 4.2% 63.6%**
Comp Wild mustard 10.9%** 12.2%%x 0.4ns 0.4™ 7.9%%* 2.9™ 10.9%**
Climate 18.2%** 48.3%** 72.1%%* 49.1%** 769.2%** 137.8%** 154.9%**
O3 15.0%** 10.8** 1.4ns 0.7 0.2% 0.8" 1.7%
Comp*Climate 9.0%* 7.3%%* 0.3ns 8.6%* 3.4* 8.6%** 17.5%%*
Comp*O3 1.7 1.5™ 9.7%%* 3.4* 1.1™ 6.8%* 2.9™
Climate*O3 23.1%%* 27.3%%* g 46.8%%* 1.4 9.4%*
Comp*Climate*O3 1.5™ 0.9 3.8* 2.9% 2.3

ns Not significant.
*p < 0.05.

**p < 0.001.
***p < 0.0001.

Appendix 3. F values of the analysis of variance (two-way ANOVA) of antioxidative enzymes (CAT — catalase, POX — peroxidase, APX — ascorbate peroxidase,
DHAR - dehydroascorbate reductase, MDAR — monodehydroascorbate reductase, GR — glutathione reductase, GPX — glutathione peroxidase) of rape and wild
mustard exposed to interspecific competition (Comp), ozone (O3) and future climate (Climate) treatments as well as their combinations.

Plant CAT POX APX DHAR MDAR GR GPX
Comp Rape 0.0™ 52.9%** 66.9%** 0.0™ 0.0™ 0.2™ 29.]%**
Climate 0.9"° 5.8* 5.0* 5.9* 0.5" 4.7* 0.2"
O3 4.4 37.9%** 57.0%** 1.7™ 2.4™ 0.1™ 3.7%
Comp*Climate 2.1™ 0.4" 7.2% 4.5™ 4.2™ 13.8%* 0.6™
Comp*O3 4.0 12.7%* 26.2%** 8.6%* 14.1%* 2.5™ 7.0%
Climate*Os 1.4™ 8.0* 1.5™ 1.2™ 1.8™ 4.27 0.6™
Comp*Climate*O3 4.7* 2.7 0.7 0.3™ 1.7 0.4" 23.3%%*
Comp Wild mustard 0.1™ 7.3% 10.7%* 12.5%* 3.4™ 3.9™ 21.7%**
Climate 1.1m 4.1™ 5.1* 3.0™ 14.9%* 4.5 0.0™
O3 3.2™ 8.8%* 12.2%* 14.4%* 0.0™ 1.4™ 13.7%*
Comp*Climate 0.3" 9.4%* 14.1%* 0.0™ 18.4%* 2.4 7.3%
Comp*O3 2.2" 3.2™ 6.2% 0.1™ 36.0%** 1.2™ 8.8%*
Climate*Os 1.1™ 3.9™ 7.7*% 6.6 26.2%%* 0.0 3.7
Comp*Climate*O3 8.2* 7.3% 10.4%* 16.0%** 0.9" 2.6™ 33.9%**

™ Not significant.
*p < 0.05.

**p < 0.001.
*x%p < 0.0001.

References

AbdElgawad, H., Farfan-Vignolo, E.R., Vos, D., Asard, H., 2015. Elevated CO, mitigates
drought and temperature-induced oxidative stress differently in grasses and legumes.
Plant Sci. 231, 1-10.

Aranjuelo, I., Cabrera-Bosquet, L., Morcuende, R., Avice, J.C., Nogués, S., Araus, J.L.,
Martinez-Carrasco, R., Pérez, P., 2011. Does ear C sink strength contribute to over-
coming photosynthetic acclimation of wheat plants exposed to elevated CO,? J. Exp.
Bot. 13. https://doi.org/10.1093/jxb/err095.

Benzie, L.F., Strain, J.J., 1996. The ferric reducing ability of plasma (FRAP) as a measure
of "antioxidant power": the FRAP assay. Anal. Biochem. 293, 70-76.

Castagna, A., Ranieri, A., 2009. Detoxification and repair process of ozone injury: from O3
uptake to gene expression adjustment. Environ. Pollut. 157, 1461-1469.

Chang, C.C., Yang, M.H., Wen, H.M., Chern, J.C., 2002. Estimation of total flavonoid
content in propolis by two complementary colorimetric methods. J. Food Drug Anal.
10, 178-182.

Chauhan, B.S., Johnson, D.E., 2011. Ecological studies on Echinochloa crus-galli and the
implications for weed management in direct-seeded rice. Crop Protect. 30,
1385-1391.

Clausen, S.K., Frenck, G., Linden, L.G., Mikkelsen, T.N., Lunde, C., Jorgensen, R.B., 2011.
Effects of single and multifactor treatments with elevated temperature, CO, and

204

ozone on oilseed rape and barley. J. Agron. Crop Sci. 197, 442-453.

Clements, D.R., DiTommaso, A., Hyvonen, T., 2014. Ecology and management of weeds in
a changing climate. In: Chauhan, B.S., Mahajan, G. (Eds.), Recent Advances in Weed
Management. Springer Science + Business Media, New York, pp. 261-287.

Davis, A.S., Ainsworth, E.A., 2012. Weed interference with field-grown soyabean de-
creases under elevated [CO,] in a FACE experiment. Weed Res. 52, 277-285.

Farfan-Vignolo, E.R., Asard, H., 2012. Effect of elevated CO, and temperature on the
oxidative stress response to drought in Lolium perenne L. and Medicago sativa L.
Plant Physiol. Biochem. 59, 55-62.

Fuhrer, J., 2009. Ozone risk for crops and pastures in present and future climates.
Naturwissenschaften 96, 173-194.

Gill, S.S., Tuteja, N., 2010. Reactive oxygen species and antioxidant machinery in abiotic
stress tolerance in crop plants. Plant Physiol. Biochem. 48, 909-930.

He, Y., Revell, B.J., Leng, B., Feng, Z., 2017. The effects of weather on oilseed Rape (OSR)
yield in China: future implications of climate change. Sustainability 9 (418), 14.
https://doi.org/10.3390/5u9030418.

Huang, J.Z., Shrestha, A., Tollenaar, M., Deen, W., Rajcan, 1., Rahimian, H., Swanton,
C.J., 2001. Effect of temperature and photoperiod on the phenological development
of wild mustard (Sinapis arvensis L.). Field Crop. Res. 70, 75-86.

IPCC, 2013. Summary for policymakers. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor,
M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M. (Eds.),
Climate Change 2013: the Physical Science Basis. Contribution of Working Group I to


http://refhub.elsevier.com/S0981-9428(18)30532-1/sref1
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref1
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref1
https://doi.org/10.1093/jxb/err095
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref3
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref3
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref4
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref4
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref5
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref5
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref5
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref6
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref6
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref6
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref7
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref7
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref7
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref8
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref8
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref8
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref9
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref9
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref10
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref10
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref10
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref11
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref11
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref12
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref12
https://doi.org/10.3390/su9030418
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref14
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref14
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref14
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref15
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref15
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref15

G. Kacieneé et al.

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
pp. 1-27.

Januskaitiené, I., Zaltauskaite, J., Diksaityte, A., Sujetoviené, G., Miskelyté, D., Kaciené,
G., Sakalauskaité, S., Miliauskiené, J., Juknys, R., 2018. Interspecific competition
changes photosynthetic and oxidative stress response of barely and barnyard grass to
elevated CO, and temperature. Agric. Food Sci. 27, 50-62.

Kaciené, G., Diksaityté, A., Januskaitiené, I., Miskelyté, D., Zaltauskaite, J., Sujetoviené,
G., Sakalauskaité, S., Miliauskieng, J., 2017. Different crop and weed performance
under single and combined effects of elevated CO, and temperature. Crop Sci. 57 (2),
390-400.

Kaciené, G., Juraté Zaltauskaité, J., Eglé Mil¢é, E., Juknys, R., 2015. Role of oxidative
stress on growth responses of spring barley exposed to different environmental
stressors. J. Plant Ecol. 8 (6), 605-616.

Keunen, E., Peshev, D., Vangronsveld, J., Van Den Ende, W., Cuypers, A., 2013. Plant
sugars are crucial players in the oxidative challenge during abiotic stress: extending
the traditional concept Plant. Cell Environ. 36, 1242-1255.

Kropff, M.J., Spitters, C.J.T., 1991. A simple model of crop loss by weed competition from
early observations on relative leaf area of the weeds. Weed Res. 31, 97-105.

Kumar, K.B., Khan, P.A., 1982. Peroxidase and polyphenol oxidase in excised ragi
(Eleusine-corcocana cv. PR 202) leaves during senescence. Indian J. Exp. Bot. 20,
412-416.

Leyva, A., Quintana, A., Sanchez, M., Rodriguez, E.N., Cremata, J., Sanchez, J.C., 2008.
Rapid and sensitive anthrone-sulfuric acid assay in microplate format to quantify
carbohydrate in biopharmaceutical products: method development and validation.
Biologicals 36 (2), 134-141.

Li, C., Jie Meng, J., Guo, L., Jianga, G., 2016. Effects of ozone pollution on yield and
quality of winter wheat under flixweed competition. Environ. Exp. Bot. 129, 77-84.

Li, C., Wang, T., Li, Y., Zheng, Y., Jiang, G., 2013. Flixweed is more competitive than
winter wheat under ozone pollution: evidences from membrane lipid peroxidation,
antioxidant enzymes and biomass. PLoS One 8 (3), 601-609.

Meier, U., 2001. Growth Stages of Mono-and Dicotyledonous Plants. Federal Biological
Research Centre for Agriculture and Forestry, Berlin, pp. 158.

Menéndez, A.L, Gundel, P.E., Lores, L.M., Martinez-Ghersa, M.A., 2017. Assessing the
impacts of intra and interspecific competition between Triticum aestivum and
Trifolium repens on species responses to ozone. Botany 95 (9), 923-932.

Mills, G., Harmens, H., 2011. Ozone Pollution: a hidden threat to food security. In: Report
Prepared by the ICP Vegetation September 2011. ICP Vegetation Programme
Coordination Centre. Centre for Ecology and Hydrology, Gowned, UK, pp. 112.

Miri, H.M., Rastegar, A., Bagheri, A.R., 2012. The impact of elevated CO, on growth and
competitiveness of C3 and C4 crops and weeds. Eur. J. Exp. Biol. 2 (4), 1144-1150.

Mittler, R., Vanderauwera, S., Gollery, M., Breusegem, F., 2004. Reactive oxygen gene
network of plants. Trends Plant Sci. 9 (10), 490-498.

Murshed, R., Lopez-Lauri, F., Keller, C., Monnet, F., Sallanon, H., 2008. Acclimation to
drought stress enhances oxidative stress tolerance in Solanum lycopersicum L. fruits.
Plant Stress 2, 145-151.

Namazkar, S., Stockmarr, A., Frenck, G., Egsgaard, H., Terkelsen, T., Mikkelsen, T.,

Plant Physiology and Biochemistry 135 (2019) 194-205

Ingvordsen, C.H., Jgrgensen, R.B., 2016. Concurrent elevation of CO,, O3 and tem-
perature severely affects oil quality and quantity in rapeseed. J. Exp. Bot. 67 (14),
4117-4125.

Naudts, K., Van den Berge, J., Farfan, E., Rose, P., AbdElgawad, H., Ceulemans, R.,
Janssens, [.A., Asard, H., Nijs, L., 2014. Future climate alleviates stress impact on
grassland productivity through altered antioxidant capacity. Environ. Exp. Bot. 99,
150-158.

Peters, K., Breitsameter, L., Gerowitt, B., 2014. Impact of climate change on weeds in
agriculture: a review. Agron. Sustain. Dev. 34, 707-721.

Pinchuk, L., Shoval, H., Dotan, Y., Lichtenberg, D., 2012. Evaluation of antioxidants:
scope, limitations and relevance of assays. Chem. Phys. Lipids 165, 638-647.

Poorter, H., Fiorani, F., Stitt, M., Schurr, U., Finck, A., Gibon, Y., Usadel, B., Munns, R.,
Atkin, O.K., Tardieu, F., Pons, T.L., 2012. The art of growing plants for experimental
purposes: a practical guide for the plant biologist. Funct. Plant Biol. 39, 821-838.

Ratnayaka, H.H., Molin, W.T., Sterling, T.M., 2003. Physiological and antioxidant re-
sponses of cotton and spurred anoda under interference and mild drought. J. Exp.
Bot. 54 (391), 2293-2305.

Runion, G.B., Price, A.J., Prior, S.A., Rogers, H.H., Torbert, H.A., Gjerstad, D.H., 2008.
Effects of elevated atmospheric CO, on a C3 and a C4 invasive weed. Bot. Res. J. 1
(3), 56-62.

Singh, A., Agrawal, M., 2015. Effects of ambient and elevated CO, on growth, chlorophyll
fluorescence, photosynthetic pigments, antioxidants, and secondary metabolites of
Catharanthus roseus (L.) G Don. grown under three different soil N levels. Environ. Sci.
Pollut. Control Ser. 22, 3936-3946.

Timonen, U., Huttunen, S., Manninen, S., 2004. Ozone sensitivity of wild field layer plant
species of Northern Europe. Plant Ecol. 172, 27-39.

Valerio, M., Tomecek, M., Lovelli, S., Ziska, L., 2013. Assessing the impact of increasing
carbon dioxide and temperature on crop-weed interactions for tomato and a C3 and
C4 weed species. Eur. J. Agron. 50, 60-65.

Weston, L.A., Mathesius, U., 2013. Flavonoids: their structure, biosynthesis and role in
the rhizosphere, including allelopathy. J. Chem. Ecol. 39, 283-297.

Xu, Z., Jiang, Y., Zhou, G., 2015. Response and adaptation of photosynthesis, respiration,
and antioxidant systems to elevated CO, with environmental stress in plants. Front.
Plant Sci. 6, 1-17.

Yoon, S.T., Hoogenboom, G., Flitcroft, I., Bannayan, M., 2009. Growth and development
of cotton (Gossypium hirsutum L.) in response to CO, enrichment under two different
temperature regimes. Environ. Exp. Bot. 67, 178-187.

Zhang, Q., Zhang, J., Shen, J., Silva, A., Dennis, D.A., Barrow, C.J., 2006. A simple 96-
well microplate method for estimation of total polyphenol content in seaweeds. J.
Appl. Phycol. 18, 445-450.

Ziska, L.H., 2000. The impact of elevated CO, on yield loss from a C3 and C4 weed in
field-grown soybean. Global Change Biol. 6, 899-905.

Ziska, L.H., 2001. Changes in competitive ability between a C4 crop and a C3 weed with
elevated carbon dioxide. Weed Sci. 49, 622-627.

Ziska, L.H., Runion, G.B., 2006. Future weed, pest, and disease problems for plants. In:
Paul, C.D., Newton, P.C.D., Carran, R.A., Edwards, G.R., Niklaus, P.A. (Eds.),
Agroecosystems in a Changing Climate. CRC Press, pp. 261-287.


http://refhub.elsevier.com/S0981-9428(18)30532-1/sref15
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref15
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref15
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref16
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref16
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref16
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref16
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref17
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref17
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref17
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref17
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref18
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref18
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref18
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref19
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref19
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref19
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref20
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref20
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref21
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref21
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref21
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref22
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref22
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref22
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref22
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref23
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref23
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref24
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref24
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref24
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref25
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref25
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref26
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref26
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref26
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref27
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref27
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref27
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref28
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref28
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref29
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref29
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref30
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref30
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref30
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref31
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref31
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref31
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref31
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref32
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref32
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref32
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref32
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref33
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref33
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref34
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref34
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref35
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref35
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref35
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref36
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref36
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref36
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref37
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref37
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref37
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref38
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref38
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref38
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref38
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref39
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref39
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref40
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref40
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref40
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref41
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref41
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref42
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref42
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref42
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref43
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref43
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref43
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref44
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref44
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref44
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref45
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref45
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref46
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref46
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref47
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref47
http://refhub.elsevier.com/S0981-9428(18)30532-1/sref47

	O3 pollution in a future climate increases the competition between summer rape and wild mustard
	Introduction
	Materials and methods
	Growing conditions and experimental design
	Determination of plants growth
	Gas exchange measurements
	Determination of biochemical parameters
	Statistical analysis

	Results
	Plant growth
	Photosynthesis and gas exchange parameters
	Photosynthetic pigments
	Accumulation of soluble sugars
	Lipid peroxidation and antioxidative capacity
	Polyphenols and flavonoids
	Antioxidative enzymes

	Discussion
	Response of monoculture plants to O3 pollution at current climate
	O3 effects on weed-crop competition under current climate conditions
	Future climate effects on monoculture plants
	Combined future climate and O3 effects on weed-crop competition

	Conclusions
	mk:H1_22
	Acknowledgments
	mk:H1_24
	Appendix 1. F values of the analysis of variance (two-way ANOVA) of growth and gas exchange parameters (A – photosynthetic rate, gs – stomatal conductance, E – transpiration rate, WUE – water use efficiency) of rape and wild mustard exposed to interspecific competition (Comp), ozone (O3) and future climate (Climate) treatments as well as their combinations.
	Appendix 2. F values of the analysis of variance (two-way ANOVA) of biochemical parameters (Chl a+b – chlorphyl a and b, Carot – carotenoids, TSS – total soluble sugars, MDA – malondilhehyde, TAC – total antioxidative capacity) of rape and wild mustard exposed to interspecific competition (Comp), ozone (O3) and future climate (Climate) treatments as well as their combinations.
	Appendix 3. F values of the analysis of variance (two-way ANOVA) of antioxidative enzymes (CAT – catalase, POX – peroxidase, APX – ascorbate peroxidase, DHAR – dehydroascorbate reductase, MDAR – monodehydroascorbate reductase, GR – glutathione reductase, GPX – glutathione peroxidase) of rape and wild mustard exposed to interspecific competition (Comp), ozone (O3) and future climate (Climate) treatments as well as their combinations.

	References




