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Abstract
Wheat is a major staple food and its sensitivity to the gas pollutant ozone (O3) depends on the cultivar. However, few chamber-less
studies assessed current ambient O3 effects on a large number of wheat cultivars. In this study, we used ethylenediurea (EDU), an O3
protectant whose protection mechanisms are still unclear, to test photosynthetic pigments, gas exchange, antioxidants, and yield of 15
cultivars exposed to 17.4 ppm h AOT40 (accumulated O3 over an hourly concentration threshold of 40 ppb) over the growing season
at Beijing suburb, China. EDU significantly increased light-saturated photosynthesis rate (Asat), photosynthetic pigments (i.e.,
chlorophyll and carotenoid), and total antioxidant capacity, while reduced malondialdehyde and reduced ascorbate contents. In
comparison with EDU-treated plants (control), plants treated with water (no protection from ambient O3) significantly decreased
yield, weight of 1000 grains, and harvest index by 20.3%, 15.1%, and 14.2%, respectively, across all cultivars. There was a significant
interaction between EDU and cultivars in all tested variables with exception of Asat, chlorophyll, and carotenoid. The cultivar-specific
sensitivity to O3 was ranked from highly sensitive (> 25% change) to less sensitive (< 10% change) by comparing the difference of the
average grain yield of plants applied with and without EDU. Neither stomatal conductance nor antioxidant capacity contributed to the
different response of the cultivars to EDU, suggesting that another mechanism contributes to the large variation in response to O3
among cultivars. Generally, the results indicate that present O3 concentration is threatening wheat production in Northern China,
highlighting the urgent need for policy-making actions to protect this critical staple food.
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Introduction
Ground-level ozone (O3) is one of the most phytotoxic air
pollutants at regional and global level, which has been

rising rapidly because of anthropogenic activity since the
industrial revolution (Cooper et al. 2014). Ozone is the third
greenhouse gas in terms of radiative forcing and has received more and more attention in the past three decades
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due to its importance to air quality and climate change
(Monks et al. 2015). In China, serious O3 pollution occurs
at present, with annual averages of peak concentration
reaching even 60 ppb (Li et al. 2018) and an increase of
about 7% in daily mean concentrations from 2005 to 2010
(Verstraeten et al. 2015). Such O3 concentrations pose serious threats for China’s food security, given that O3 is one of
the most detrimental air pollutants for crops and natural
ecosystems (Ainsworth et al. 2012; Feng et al. 2015).
Wheat (Triticum aestivum L.) is one of the top staple crops
in the world, and the second most-produced cereal after maize
(FAO 2016). In 2016, world wheat production was 749 M
tons (FAO 2016). Winter wheat, i.e., planted in the fall and
matured in the next summer, accounts for about 94% of
Chinese total wheat yield (Zhou et al. 2014). The top wheatproducing provinces in China are located in the North China
Plain, Middle China, and East China, i.e., areas subject to
severe O3 pollution (Tai et al. 2014). A meta-analysis indicated that elevated O3 concentration (50–75 ppb) reduced wheat
yield by 24% compared with plants grown in charcoal-filtered
air (Feng et al. 2008), and thus wheat is considered an O3sensitive crop (Mills et al. 2007; Feng and Kobayashi 2009;
Pleijel 2011). Elevated O3 accelerates wheat leaf senescence,
as indicated by increased lipid oxidation as well as fast decline
in pigment amounts and photosynthetic rates (Feng et al.
2016), and reduces 1000 grain weight and yield (Broberg et
al. 2015). Estimates suggest that wheat yield would globally
decline by 4–17% due to O3 exposure in 2030 relative to 2000
(Avnery et al. 2011). Depending on the climate scenario, O3
either exacerbated or offset a substantial fraction of climate
impacts on wheat yield in a simulation of effects in 2050
relative to 2000 (Tai et al. 2014). In contrast, a British study
showed that a 10% increase in AOT40 would decrease wheat
yield by only 0.23% (Shankar and Neeliah 2005). These conflicting results may be due to different types (O3-tolerant or
O3-sensitive) of wheat cultivar (Kaliakatsou et al. 2010). The
effects of O3 on wheat, in fact, are cultivar-specific (Biswas et
al. 2008; Feng et al. 2016). In an experiment conducted in
walk-in chambers, Saitanis et al. (2014) distinguished the O3
sensitivity of ten cultivars of Bangladeshi winter wheat
(Triticum aestivum L.) rooted in pots using visible injury and
chlorophyll b/a ratio as the response variables.
In the last decades, research aimed at assessing the impacts
of O3 on plants has been carried out using different exposure
systems, each of them with some advantages and disadvantages (Kobayashi 2015). Plant growth chambers with controlled O3 concentrations are adequate for the study of the
mechanisms of O3 damage, but in these facilities plants usually grow in pots and their environmental conditions differ
from field conditions (Kobayashi 2015). Growth conditions
inside open-top chambers are closer to field conditions and
plants can be rooted in the ground, but there is an undesirable
Bchamber effect^ which alters the microclimate inside them
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(Piikki et al. 2008; Feng et al. 2018). In free-air concentration
enrichment (FACE) facilities, plants were grown under actual
field conditions and without a Bchamber effect.^ In this context, the use of the so-called antiozonant chemicals has been
proposed as an alternative to evaluate the effects of O3 on
plants under real field conditions (Manning et al. 2011;
Paoletti et al. 2009). Among them, EDU (N-[2-(2-oxo-1imidazolidinyl)ethyl]-N′-phenylurea, with formula
C4H10N4O2) has been used in many studies, which showed
that it can effectively protect crops and trees from the detrimental effects of O3 (Feng et al. 2010; Manning et al. 2011;
Agathokleous 2017; Tiwari 2017).
In the case of wheat, EDU has been used to quantify the
impacts of ambient O3 in India (Singh and Agrawal 2010; Rai
and Agrawal 2014; Tiwari et al. 2005). In addition, intraspecific sensitivity to O3 was assessed by foliar spraying or soil
drenching with different concentrations of EDU. For example,
Tiwari et al. (2005) used different EDU concentrations, i.e., 0,
150, 300, and 450 ppm, and Singh and Agrawal (2009) used
EDU at 400 ppm and found that EDU-treated wheat cultivars
showed different seed yield enhancement values compared
with those without EDU treatments, indicating different O3
sensitivity among the wheat cultivars. EDU application at
400 ppm significantly increased stomatal conductance, photosynthetic rate, and protective enzyme activities of five wheat
cultivars, and the increase magnitude of these measured parameters between EDU and non-EDU treatment reflected the
different resistance to O3 (Singh et al. 2009). Notably, only a
few wheat cultivars rooted in the field were assessed for their
ozone sensitivity (Singh and Agrawal 2009; Feng et al. 2016).
However, the mechanism of EDU protection against O3 is
not well known so far (Agathokleous 2017; Tiwari 2017).
This fact may raise the question whether the observed EDU
protection against O3 is actually due to an O3-specific property
or to another mechanism, i.e., an increase of N supply to the
plant, given that EDU contains around 22% of N (Godzik and
Manning 1998). In order to rule out possible EDU effects in
the absence of O3, studies with wheat and rice have applied
EDU under low-O3 filtered air conditions and concluded that
no significant effects occurred in EDU-treated plants in comparison with not EDU-treated ones (Singh and Agrawal 2010;
Ashrafuzzaman et al. 2017). A recent study with rice also
concluded that the amount of N supplied by the EDU treatment was negligible in comparison with the fertilization levels
applied (Ashrafuzzaman et al. 2017). Therefore, even though
the EDU mode of action still needs to be elucidated, these
results suggest a specific protective effect of EDU against
O3 rather than a fertilization effect (Agathokleous 2017).
Therefore, the use of this chemical has been proposed as a
suitable method to diagnose O3 damage in the field and for
distinguishing tolerant and sensitive genotypes in cereals including wheat (Singh and Agrawal 2010; Ashrafuzzaman et
al. 2017; Tiwari 2017).
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In the present study, we applied EDU along the entire
growing season to 15 Chinese cultivars of winter wheat, with
the main objectives of (1) estimating the impact of ambient O3
on the main wheat cultivars widely cultivated in China and
ranking them in order of O3 sensitivity based on yield response, (2) determining the factors which contribute to the
different response to O3 among cultivars, and establishing
cultivar-specific EDU protective mechanisms. We hypothesized that ambient O 3 pollution in China is inducing
cultivar-specific damage to wheat yield as assessed by EDU,
and stomatal conductance or antioxidant capacity contribute
to the large variation among cultivars in response to ambient
O3. This research will provide useful information for cultivating the most tolerant cultivars in areas at high O3 risk and
clarifying the mechanisms of tolerance.

Materials and methods
Experimental conditions
The experimental site was located at XiaoTangShan town (40° 19′
N, 116° 13′ E), Changping District, Northwest of Beijing, China,
about 38 km from Beijing city center. Mean monthly minimum
and maximum temperatures were − 3.1 °C (January) and 26.7 °C
(July), respectively. The annual average precipitation was
600 mm, and 60% of the precipitation was in July and August.
Seeds of 15 winter wheat cultivars planted widely in North
China (Table S1), which were obtained from YiXian county
Seed Company in Hebei province, were sowed on 3 October
2015, greened up on 28 February 2016, and were harvested on
28 June 2016 (a total of 241 days). Two treatments (EDU and
water) and five replications for each treatment per cultivar
were carried out. Each 18-m2 (6 m × 3 m) plot was divided
into 15 lines, one per cultivar (randomly assigned).
An ultraviolet (UV) absorption O3 analyzer (Model 49i,
Thermo Scientific, USA) was used to continuously monitor
the concentration of O3 at 1.5 m a.g.l. in the field from 25 days
after the greening-up phase (DAG), and calibrated by a 49i-PS
calibrator (49i-PS, Thermo Scientific, USA) before the experiment and once a month during the experiment. During the
growth period, the 24-h mean O3 concentration was 37.7 ppb
and the average ambient O3 concentration in the daily 8-h
(M8, between 9:00 and 17:00) was 56.6 ppb, with a minimum
value of 16 ppb and a maximum value of 103 ppb (Fig. 1). The
24-h and 8-h mean concentrations of March, April, May, and
June were 24.1 and 38.5 ppb, 30.1 and 44.5 ppb, 39.8 and
59.0 ppb, and 46.3 and 70.5 ppb, respectively. Accumulated
O3 exposure above an hourly threshold of 40 ppb (AOT40)
was 17.4 ppm h at the end of the experiment (Fig. 1). High
ambient O3 concentration was observed in May and June, i.e.,
at the time of anthesis and grain filling, respectively (Fig. 1).
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EDU application
Previous experiments showed that EDU concentrations
higher than 600 ppm were toxic to plants while 200–
450 ppm EDU protected plants against O 3 injury
(Agathokleous 2017). Four hundred fifty parts per million
concentration of EDU was selected in our experiment according to its successful application on many crop species
(e.g., Paoletti et al. 2009; Feng et al. 2010; Manning et al.
2011; Yuan et al. 2015; Jiang et al. 2018). One hundred
percent EDU powder was dissolved in warm water. The
plants in five plots were sprayed with 450 ppm EDU
solution and the other five plots were sprayed with water
as control. We sprayed the entire foliage of each plant
until drip point before sunrise every time in order to avoid
the light decomposition of EDU. The EDU treatments
started at 25 DAG. Repeated applications are needed to
ensure the efficacy of EDU considering that EDU is easily
degraded over time (Gatta et al. 1997; Pasqualini et al.
2016). EDU treatments were thus carried out at biweekly intervals until the end of the experiment. In case
of rain within the 5 days after each application, the treatment was applied again. Total application of EDU was
nine times in our experiment.

Measurements
Gas exchange, photosynthetic pigments, and biochemical parameter measurements and samplings were carried out on flag
leaves at mid-grain filling stage (105 DAG) because this stage
shows the highest sensitivity to O3 for wheat (Pleijel et al. 1998;
Feng et al. 2008). The final harvest was carried out at 121 DAG.
Gas exchange
Two fully expanded flag leaves from two plants per cultivar in
each plot were selected to measure gas exchange using three
inter-calibrated photosynthesis systems (LI-6400, LI-COR
Inc., Lincoln, NE, USA). Light-saturated photosynthetic rate
(Asat) and stomatal conductance (gs) were measured at saturating light (1500 μmol m−2 s−1), 400 ppm CO2, and 50–70%
relative humidity (RH). All measurements were conducted
during 08:30–11:30 a.m. on sunny days.
Photosynthetic pigments
After gas exchange measurement, the two flag leaves per cultivar
in each plot were sampled for photosynthetic pigment and biochemical parameters. Two milliliters of 95% ethanol was used for
analysis of photosynthetic pigments in the dark for 48 h at 4 °C,
and a UV spectrophotometer (Alpha-1506, Lab-Spectrum
Instruments Co., Ltd., China) was used to assay chlorophyll
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Fig. 1 Mean 8-h (9:00–17:00) O3
concentrations and accumulated
O3 concentrations above an hourly threshold of 40 ppb (AOT40)
during the study period from 25
March (25 days after greening up,
DAG) to 30 June 2016 (harvest at
maturity). The sampling times
was mid-grain filling stages (105
DAG)

(Chl) a and b and carotenoid (Car) content according to the specific absorption coefficients described by Lichtenthaler (1987).
Biochemical parameters
Total antioxidant capacity (TAC) was assessed by ferric reducing antioxidant power (FRAP) assay according to Benzie
and Strain (1996). Samples were added to 2 ml of cold 70% (v/
v) ethanol and homogenized. The mixture was incubated in
the dark at 4 °C for 20 min, and then centrifuged at 3000 rpm
for 20 min. One milliliters of supernatant was taken for the
FRAP assay to express the TAC as Fe3+ equivalents (mmol
Fe2+/g fresh mass). Total ascorbate (AsA) was measured by an
α-α′-bipyridyl-based method (Gillespie and Ainsworth
2007). Malondialdehyde (MDA) was determined according
to the method of Heath and Packer (1968) to evaluate lipid
peroxidation by 2-thiobarbituric acid-reactive metabolite
(TBA). The detail was described in Jiang et al. (2018).

YEDU) × 100/YEDU. The same approach was used to estimate
the effect of O3 on each variable.

Statistical analyses
The statistical unit was the single plot, with five plots for EDU
and five plots for water treatment per wheat cultivar. Data
were checked for normal distribution and homogeneity of variance. Not normally distributed data, i.e., grain number, AsA,
and biomass, were log transformed prior to analysis. Data in
the tables are not transformed but original data means ± standard deviation (SD). Data were subject to a two-way analysis
of variance (ANOVA) including the effects of EDU, cultivar,
and their interaction using Statistica 10.0 software (StatSoft,
Italy). If those variables showed no significant interaction between EDU and cultivars, student t test was applied for each
cultivar.

Yield
The plants over a fixed area (1 m × 0.3 m) were harvested for
yield at each line in each plot. All grains per plant were dried
in the sun to constant weight. Harvest index (HI, %) was
calculated as the ratio of grain weight and total aboveground
dry weight, the latter obtained in an oven at 80 °C until constant weight. Number of ears per plant, number of grains per
plant, and weight of 1000 grains were recorded from five
plants for any cultivar at each plot.

Definition of O3 impact
Similar to Jiang et al. (2018), the cultivar-specific sensitivity
to O3 (YEFF) was estimated by comparing the average yield (Y)
with and without EDU protection, i.e., YEFF = (YWater −

Results
Gas exchange
EDU significantly increased Asat and gs by 37.9% and 46.1%,
respectively, across all cultivars at grain filling stage (Table 1).
There were significant differences between cultivars in both Asat
and gs. No significant interaction between EDU treatment and
cultivar was found in Asat although EDU significantly increased
Asat in most cultivars with exception of JM22, SX616, and
ZM411. On the other hand, gs showed a significant interaction
between EDU and cultivars, as indicated by the significant
increase by EDU in cultivars HN6425, JD22, JM58, SX733,
and SX828, but no change or decrease in cultivars SX616,
SY20, and ZM411.
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Table 1 Photosynthesis (Asat) and
stomatal conductance (gs) of 15
wheat cultivars exposed to
ambient O3 concentration and
sprayed by either EDU or water.
Two-way ANOVA is shown at
the end of the table. Different letters show significant differences
between treatments within each
variable and are marked in italics
if there is significant interaction
(Tukey test, n = 5, P < 0.05).
Otherwise, Student t test was applied for each cultivar to compare
the difference between two treatments (n = 5)
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Cultivar

Asat

gs

EDU

Water

EDU

Water

HN6049

14.4 ± 1.91 a

10.5 ± 0.65 b

0.65 ± 0.1 ab

0.48 ± 0.05 b–f

HN6425

14.5 ± 0.89 a

10.5 ± 1.14 b

0.62 ± 0.07 a–c

0.16 ± 0.06 i

JD22
JM22

15.4 ± 2.77 a
12.4 ± 1.78 a

11.2 ± 0.88 b
10.1 ± 1.27 a

0.68 ± 0.1 a
0.49 ± 0.07 a–f

0.4 ± 0.07 d–h
0.27 ± 0.05 g–i

JM58

15.6 ± 3.39 a

9.60 ± 2.56 b

0.56 ± 0.05 a–d

0.32 ± 0.02 e–i

JN7
L639

17.4 ± 1.54 a
14.9 ± 1.21 a

12.5 ± 0.99 b
12.2 ± 1.34 b

0.53 ± 0.09 a–d
0.56 ± 0.1 a–d

0.4 ± 0.06 d–h
0.41 ± 0.02 d–h

SN22
SX616

15.7 ± 0.56 a
10.6 ± 2.65 a

12.6 ± 1.79 b
10.5 ± 2.04 a

0.44 ± 0.08 c–h
0.26 ± 0.05 hi

0.33 ± 0.03 e–i
0.31 ± 0.01 f–i

SX633

16.3 ± 2.73 a

10.6 ± 0.31 b

0.48 ± 0.08 a–f

0.29 ± 0.07 f–i

SX733

15.0 ± 3.34 a

9.20 ± 1.56 b

0.51 ± 0.15 a–e

0.3 ± 0.08 f–i

SX828
SY20

15.0 ± 3.31 a
13.1 ± 1.95 a

9.60 ± 2.73 b
8.10 ± 1.49 b

0.51 ± 0.07 a–e
0.32 ± 0.08 e–i

0.29 ± 0.09 f–i
0.4 ± 0.1 d–h

TM8
ZM411

14.5 ± 0.81 a
11.9 ± 2.55 a

9.80 ± 1.59 b
10.1 ± 2.22 a

0.43 ± 0.06 c–h
0.47 ± 0.05 a–f

0.3 ± 0.05 f–i
0.48 ± 0.09 a–e

EDU
Cultivar
EDU × cultivar

< 0.0001
< 0.0001
0.153

< 0.0001
< 0.0001
< 0.0001

Photosynthetic pigments

Yield parameters

Across all cultivars, EDU significantly increased Chl
and Car contents by 10.3% and 13.0%, respectively
(Table 2). Differences between cultivars were found,
while interactions between EDU and cultivar were not
significant.

Both HI and grain weight showed a significant variation between
cultivars, EDU treatments, and their interaction (Table 4). EDU
significantly increased HI and weight of 1000 grains by 16.7%
and 17.7% across all cultivars, respectively, although significant
increases were only observed for cultivars TM8 for HI and TM8,
ZM411, and JM58 for grain weight. EDU did not affect the ears
per plant and grains per plant across all cultivars although it
significantly reduced the grains per plant in cultivars JM22,
TM8, and ZM411.
On average, grain yield of EDU-treated cultivars was
25.4% higher than that of water-treated ones (Fig. 2a). In other
words, ambient O3 reduced the yield by 20.3% using EDU
plants as control. The yield in 7 out of 15 cultivars was significantly increased by EDU, and consistently the interaction
between EDU and cultivars was significant. The cultivarspecific O3 sensitivity (YEFF) showed a significant variation,
with the most O3-tolerant cultivars SY20, SX633, and L639
showing insignificant changes (< 10%) and the most O3-sensitive cultivars JM58, SN22, SX616, SX733, and HN6049
showing large reduction (> 25%) (Fig. 2b).

Biochemical parameters
MDA was lower (− 17.6%) in all cultivars treated with
EDU than in those treated with water (Table 3). The
EDU and cultivar interaction was significant, as indicated by the fact that MDA contents in EDU-treated plants
were significantly lower by 32.2% for JM58. EDU significantly reduced AsA by 9.8% across all cultivars. A
significant interaction between EDU and cultivar was
found, as indicated by lower AsA contents in EDUtreated plants for cultivars HN6049, SX828, and TM8
by 31.2%, 38.4%, and 38.5%, respectively. However,
EDU significantly increased TAC content across all cultivars by 19.6%. The cultivar with the highest TAC
content was JD22 and the lowest was SN22. There were
significant interactions between EDU and cultivar, as
showed by the significant increase in cultivars JD22
(91.8%), JM58 (43.6%), SX616 (40.9%), and SX733
(45.3%).

Discussion
One of the main objectives of the present paper was to estimate
the impact of ambient O3 on the main wheat cultivars used in
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Table 2 Foliar contents of
photosynthetic pigments in 15
wheat cultivars exposed to
ambient O3 concentration and
sprayed by either EDU or water.
Two-way ANOVA is shown at
the end of the table. Different letters show significant differences
between treatments for each cultivar (Student t test, n = 5, P <
0.05)
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Chl a + b (mg m−2) (105 DAG)

Car (mg m−2) (105 DAG)

EDU

Water

EDU

Water

HN6049

38.1 ± 3.93 a

31.7 ± 5.05 a

4.26 ± 0.38 a

3.14 ± 0.81 b

HN6425
JD22

33.1 ± 4.26 a
38.9 ± 5.73 a

34.6 ± 5.47 a
36.9 ± 3.58 a

4.25 ± 0.57 a
4.25 ± 0.68 a

4.33 ± 0.48 a
3.97 ± 0.55 a

JM22

37.8 ± 3.64 a

35.7 ± 2.60 a

4.55 ± 0.81 a

4.21 ± 0.4 a

JM58
JN7

37.9 ± 4.17 a
37.9 ± 2.90 a

32.3 ± 1.96 b
33.8 ± 6.17 a

4.29 ± 0.51 a
4.02 ± 0.39 a

3.58 ± 0.55 a
3.60 ± 0.69 a

L639
SN22

41.4 ± 3.82 a
42.3 ± 4.89 a

35.0 ± 6.76 a
33.1 ± 3.87 b

5.00 ± 0.36 a
4.63 ± 0.76 a

4.31 ± 0.87 a
3.86 ± 0.83 a

SX616

37.1 ± 4.50 a

36.7 ± 5.67 a

4.89 ± 0.68 a

4.17 ± 0.88 a

SX633
SX733

45.8 ± 5.49 a
40.0 ± 5.67 a

43.6 ± 6.33 a
37.9 ± 6.79 a

4.85 ± 0.73 a
4.57 ± 0.73 a

4.54 ± 1.25 a
4.13 ± 0.81 a

SX828
SY20

39.9 ± 3.97 a
33.3 ± 5.10 a

39.3 ± 6.34 a
31.8 ± 3.66 a

4.55 ± 0.46 a
4.25 ± 0.83 a

4.04 ± 0.68 a
3.89 ± 0.31 a

Cultivar

TM8

48.0 ± 4.98 a

39.6 ± 4.17 b

5.11 ± 0.48 a

4.37 ± 0.64 a

ZM411
EDU

41.9 ± 6.10 a
< 0.0001

36.3 ± 2.79 a

4.42 ± 0.34
< 0.0001

4.02 ± 0.28

Cultivar
EDU × cultivar

< 0.0001
0.426

Table 3 Foliar content of malondialdehyde (MDA), total antioxidant
capacity (TAC), and total ascorbic acid (AsA) (± SD) of 15 wheat cultivars exposed to ambient O3 concentrations (water) or protected by
Cultivar

MDA (nmol g−1)
(105 DAG)

0.011
0.949

ethylenediurea (EDU). Two-way ANOVA is shown at the end of table.
Different letters show significant differences between treatments within
each variable and are marked in italics (Tukey test, n = 5, P < 0.05)

AsA (μmolg−1)
(105 DAG)

TAC (μmolg−1)
(105 DAG)

EDU

Water

EDU

Water

EDU

Water

HN6049
HN6425
JD22
JM22
JM58
JN7
L639
SN22
SX616
SX633

11.7 ± 2.76 f–k
14.3 ± 1.5 c–h
17.0 ± 0.54 a–d
12.9 ± 1.57 d–j
9.49 ± 1.05 jk
9.85 ± 1.22 i–k
13.0 ± 2.38 d–k
15.6 ± 0.99 b–g
9.63 ± 2.34 jl
12.6 ± 1.4 d–j

13.4 ± 1.88 d–i
14.6 ± 1.36 b–h
20.2 ± 2.26 ab
13.7 ± 2.64 c–i
14.0 ± 1.11 c–h
11.3 ± 1.88 g–k
17.2 ± 1.44 a–d
18.7 ± 1.32 a–c
12.2 ± 1.72 e–j
16.9 ± 1.95 a–e

3.15 ± 0.71 e
4.38 ± 0.2 a–d
3.82 ± 0.77 c–e
3.46 ± 0.51 d–e
4.23 ± 0.44 b–e
4.25 ± 0.37 b–e
3.78 ± 0.21 c–e
4.52 ± 0.25 c–e
4.55 ± 0.3 a–d
5.02 ± 1.14 a–c

4.58 ± 0.37 a–d
4.94 ± 0.18 a–c
4.11 ± 0.57 b–e
3.83 ± 0.5 c–e
4.44 ± 0.5 c–d
4.34 ± 0.56 b–d
3.83 ± 0.55 b–d
4.45 ± 0.48 c–e
5.07 ± 0.61 a–c
4.5 ± 0.72 a–d

9.18 ± 1.46 c–h
8.16 ± 1.04 d–k
12.45 ± 1.37 a
7.10 ± 0.65 g–l
11.8 ± 1.4 a–c
8.96 ± 1.14 d–j
7.42 ± 1.01 f–l
5.42 ± 0.47 l
10.3 ± 1.32 a–e
10.7 ± 0.55 a–d

6.74 ± 0.9 h–l
7.10 ± 0.92 g–l
6.49 ± 0.94 j–l
6.44 ± 0.75 j–l
8.22 ± 0.95 d–k
8.34 ± 0.95 d–k
6.57 ± 1.13 i–l
6.13 ± 0.87 kl
7.31 ± 1.01 g–l
9.41 ± 1.01 b–j

SX733
SX828
SY20
TM8
ZM411
EDU
Cultivar
EDU x Cultivar

11.1 ± 1.77 h–k
8.57 ± 1.32 k
20.4 ± 0.86 ab
12.1 ± 0.98 e–j
11.3 ± 1.81 g–k
< 0.0001
< 0.0001
0.032

15.6 ± 2.96 b–h
9.96 ± 2.02 k
23.0 ± 2.33 a
16.0 ± 2.18 b–f
12.0 ± 1.99 f–k

4.77 ± 0.56 a–d
3.98 ± 0.62 c–e
4.59 ± 0.38 a–d
3.48 ± 0.33 de
4.27 ± 0.28 b–e
< 0.0001
< 0.0001
< 0.0001

4.11 ± 0.63 b–e
6.46 ± 1.36 a
4.62 ± 0.51 a–d
5.66 ± 1.33 ab
4.11 ± 0.69 b–e

11.8 ± 1.22 ab
9.12 ± 1.44 d–i
9.16 ± 1.01 d–i
8.87 ± 1.3 d–j
9.53 ± 1.22 b–g
< 0.0001
< 0.0001
< 0.0001

8.12 ± 0.81 e–k
9.91 ± 1.15 a–f
8.98 ± 0.87 d–j
10.2 ± 1.2 a–e
7.06 ± 1.05 g–l
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Table 4 Harvest index (HI), number of ears and grains per plant, and
weight of 1000 grains in 15 wheat cultivars exposed to ambient O3
concentration and sprayed by either EDU or water. Two-way ANOVA
Cultivar

HN6049
HN6425
JD22
JM22
JM58
JN7
L639
SN22
SX616
SX633
SX733
SX828
SY20
TM8
ZM411
EDU
Cultivar
EDU x Cultivar

HI (121 DAG)

is shown at the end of the table. Different letters show significant differences between treatments within each variable and are marked in italics
(Tukey test, n = 5, P < 0.05)

Ears per plant (121 DAG)

Grains per plant (121 DAG)

1000 grain (121 DAG)

EDU

Water

EDU

Water

EDU

Water

EDU

Water

0.25 ± 0.06 a–c
0.37 ± 0.06 ab
0.35 ± 0.04 ab
0.4 ± 0.1 a
0.33 ± 0.05 ab
0.41 ± 0.08 a
0.33 ± 0.08 bc
0.32 ± 0.06 a–c
0.39 ± 0.13 a
0.37 ± 0.09 ab
0.35 ± 0.1 ab
0.34 ± 0.11 ab
0.29 ± 0.09 a–c
0.42 ± 0.07 a
0.39 ± 0.03 a
< 0.0001
< 0.0001
0.001

0.26 ± 0.04 a–c
0.38 ± 0.03 ab
0.31 ± 0.04 a–c
0.41 ± 0.08 a
0.26 ± 0.01 a–c
0.34 ± 0.07 ab
0.22 ± 0.06 a–c
0.3 ± 0.06 a–c
0.35 ± 0.05 ab
0.37 ± 0.09 ab
0.38 ± 0.05 a
0.3 ± 0.04 a–c
0.25 ± 0.05 a–c
0.16 ± 0.03 c
0.27 ± 0.02 a–c

2.56 ± 0.48 c
3.68 ± 0.23 a–c
3.52 ± 0.27 a–c
2.76 ± 0.41 bc
2.92 ± 0.61 bc
3.60 ± 0.71 a–c
3.24 ± 0.22 a–c
4.12 ± 1.06 ab
3.48 ± 0.54 a–c
3.52 ± 0.88 a–c
4.04 ± 0.77 ab
3.4 ± 0.58 a–c
3.68 ± 0.78 a–c
3.00 ± 0.2 a–c
2.76 ± 0.91 bc
0.533
< 0.0001
0.020

3.36 ± 0.26 a–c
3.24 ± 0.26 a–c
3.12 ± 0.30 a–c
2.92 ± 0.46 a–c
2.64 ± 0.62 a–c
3.48 ± 0.90 a–c
3.52 ± 0.78 a–c
3.12 ± 0.58 a–c
3.28 ± 0.94 a–c
3.86 ± 0.83 a–c
3.96 ± 0.74 a–c
3.28 ± 0.33 a–c
3.92 ± 0.59 a–c
4.36 ± 0.33 a
3.04 ± 0.43 a–c

80.9 ± 15.5 h–k
130.1 ± 6.18 a–d
111.9 ± 16.7 a–h
69.6 ± 7.67 jk
95.2 ± 13.3 c–j
117.2 ± 24.0 a–g
69.1 ± 5.22 jk
129.5 ± 16.3 a–e
110 ± 23.4 a–i
111.6 ± 20.3 a–i
134.2 ± 25.9 a–c
109.2 ± 25.3 a–f
142.6 ± 26.0 ab
80.4 ± 6.82 h–k
59.8 ± 15.8 k
0.865
< 0.0001
< 0.0001

77 ± 4.09 i–k
110.2 ± 17.9 a–i
90.4 ± 10.7 e–j
111.6 ± 16.7 a–h
82.8 ± 13.0 g–k
108.4 ± 13.0 a–i
93.6 ± 6.86 c–j
91.2 ± 6.96 d–j
99.0 ± 14.9 b–h
85.0 ± 8.4 f–j
100.2 ± 18.7 b–j
120.5 ± 10.5 a–i
101.9 ± 21.3 a–i
142.8 ± 13.7 a
104.0 ± 11.3 a–i

43.2 ± 8.44 d–g
46.8 ± 5.02 b–g
51.0 ± 6.86 a–g
71.4 ± 4.40 ab
60.4 ± 12.2 a–e
65.9 ± 12.9 a–d
56.0 ± 6.03 a–f
48.4 ± 9.65 a–g
56.0 ± 8.74 a–h
57.1 ± 13.3 a–h
48.3 ± 9.08 a–g
44.8 ± 10.3 d–g
34.5 ± 7.63 g
72.6 ± 5.66 a
70.0 ± 13.4 a–c
< 0.0001
< 0.0001
< 0.0001

42.0 ± 6.07 e–g
56.2 ± 9.15 a–f
51.9 ± 8.14 a–g
54.6 ± 9.98 a–f
36.9 ± 4.93 fg
48.4 ± 9.48 a–g
37.6 ± 5.02 fg
45.7 ± 9.11 d–g
53.5 ± 4.96 a–h
55.7 ± 12.3 a–h
47.9 ± 9.06 b–g
46.5 ± 7.11 c–g
39.44 ± 8.22 fg
47.6 ± 7.85 b–g
37.9 ± 4.90 fg

Northern China, and classify them in order of O3 sensitivity by
using yield as the response variable. The mean O3 concentrations measured in the survey area during the experimental period (56.6 ppb M8 and 17.8 ppm h AOT40) can be considered
representative of the O3 levels in spring throughout the North
Plain and Central/Eastern regions of China (Li et al. 2018). In
our experiment, yield was reduced by 20.3% in control plants
compared to the plants protected by EDU. This decrease was
similar to the highest decrease reported by Singh et al. (2009) in
five varieties of wheat exposed to O3 of a variation of 34.2 ppb
during the vegetative phase to 54.2 ppb at reproductive stage in
India, i.e., between 1.9 and 20.5% depending on the varieties.
Also Singh and Agrawal (2010) found that ambient O3 (50 ppb
of M12) induced reductions between 16.2 and 26.7% (depending on the concentration of EDU applied) in grain weight per
plant of an O3-sensitive wheat variety in India. In another study
in the Yangtze Delta, China, decreases in wheat yield (g plant−1)
by ambient O3 were only 6.6% relative to 450 ppm EDU in the
cultivar of Jiaxing 002 (Wang et al. 2007). The observed differences in yield loss between regions can be attributed to differences in O3 sensitivity among cultivars or the O3 concentrations (and therefore the degree of potential damage) to which
the plants were exposed in the ambient air. In comparison with
the studies carried out in India and in the Yangtze Delta (Feng et
al. 2012; Singh and Agrawal 2017), the area of Changping in
the current study showed somewhat higher O3 levels, with 8-h
monthly mean values up to 70.5 ppb. On the other hand, the
relative yield reduction (20.3%) observed in our experiment
was similar to the 19.5% reported by Feng et al. (2010) for
wheat in a meta-analytic review on the protection of EDU from
ambient O3. Also, the reduction was little less than the 24.4%

depression in yield caused by O3 concentrations (69 ppb) estimated in another meta-analysis by Feng et al. (2008).
Considering the European dose-response function for wheat
(y = − 0.0161x + 0.99; Mills et al. 2007), the expected losses
in yield based on grain weight at an AOT40 of 17.4 ppm h
would be 29%. If the equation for Chinese wheat proposed
by Wang et al. (2012) based on one cultivar for 4 years is used
(y = − 0.0228x+ 1), a 40% reduction would be expected. In
both cases, but especially in the second one, the predicted effects on yield overestimated the observed one. It is worth mentioning that in comparison with previous studies based on few
cultivars, the present study is remarkable by the use of 15 cultivars, so that differences in responses among cultivars are effectively considered, and it is also representative of the O3
concentrations of a large area of China experiencing high O3
concentrations (Li et al. 2018). Therefore, it provides relevant
information on the risk that current ambient O3 levels pose for
wheat over a large productive region of China.
As for other parameters related with yield, EDU also significantly increased HI and weight of 1000 grains by 16.7%
and 17.7% across all cultivars in comparison to the water
treatment in the present experiment. Wang et al. (2007) found
significant increases of HI at 300 ppm EDU but not significant
differences for the 1000 grain weight index in a single wheat
cultivar. Also in the present experiment, the ears per plant did
not vary significantly. This variable was also measured by
Singh and Agrawal (2009) in an EDU experiment with wheat,
in which it was significantly increased in two of the five studied cultivars. Our finding was also supported from OTC and
O3-FACE results, in which elevated O3 reduced wheat yield
due to smaller grain weight rather than to smaller numbers of
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Fig. 2 Yield (mean + SD) of 15
wheat cultivars exposed to
ambient O3 concentrations
(water) or impacts of ambient
ozone on grain yield assessed by
ethylenediurea (EDU). Cultivars
are sorted according to decreasing
yield (a) and according to increasing ozone sensitivity,
expressed as percent variation
when exposed to ambient O3 with
water-treated plants as control (b).
Two-way ANOVA is shown. An
asterisk indicates significant differences between treatments (P <
0.05)

grains/ears (Feng et al. 2008; Zhu et al. 2011). Therefore,
EDU effectively protected wheat not only from total yield
losses but also from declines in other relevant parameters such
as HI and the weight of 1000 grains.
The mechanisms through which EDU produced positive
effects on yield may involve several processes that are not well
known so far (Agathokleous 2017; Agathokleous et al. 2015;

Tiwari 2017). As shown by a MDA increase in the watertreated plants in comparison with the EDU-treated ones, EDU
prevented leaf lipid peroxidation, helping in membrane protection (Singh and Agrawal 2009; Tiwari 2017). Chlorophyll and
carotenoid contents were higher in the EDU treatment than in
the water treatment. The same response was observed in other
studies with wheat (Singh et al. 2009; Singh and Agrawal
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2010), snap bean (Yuan et al. 2015), and other plants (Feng et
al. 2010). All in all, 25% of the published studies with EDU
includes photosynthetic pigments which are utilized as simple
and effective biomarkers of plant stress (Agathokleous and
Kitao 2018). Therefore, EDU allows the plants to maintain
the membrane integrity and keep an efficient photosynthetic
capacity, finally contributing to increasing plant yield.
Brunschön-Harti et al. (1995) and Jiang et al. (2018) observed
an increase in AsA in EDU-treated plants, which may suggest
that EDU may provide plants with a potent antioxidant to cope
with oxidative stress. However, an increase in AsA may also
result from a lower AsA oxidation rather than from an increase
in its synthesis, so that the mechanism behind such an increase
is uncertain (Brunschön-Harti et al. 1995). On the other hand,
our results do not support a mode of action of EDU through an
increase in AsA, since a reduction of AsA was observed in
EDU-treated plants. This disparity of results concerning EDU
effects on the AsA pool was already pointed out by Manning et
al. (2011), underscoring our still-scarce knowledge on the mode
of action of this antiozonant molecule at biochemical level
(Tiwari 2017). A significant increase in TAC in EDU-treated
plants might suggest a possible role of antioxidant molecules
other than AsA in preventing O3 damage in EDU-treated wheat
plants. On the other hand, since EDU contains urea, it has also
been suggested that a foliar fertilizer effect could explain increases in yield and improvements in photosynthesis performance in EDU-treated plants (Manning et al. 2011).
However, it is interesting to note that Singh and Agrawal
(2010) tested the effect of EDU in wheat under filtered air
and find that EDU itself did not affect any of the yield parameters. These results further suggest that the observed reductions
in yield are primarily caused by O3 and not by a fertilization
effect due to the N content of EDU (Singh and Agrawal 2010;
Agathokleous 2017; Tiwari 2017).
Finally, it is worth to note that the differences among cultivars are important, given that some of the cultivars showed
significant responses to EDU while others did not. These results highlight that EDU interaction with the plants is not
species-specific but cultivar-specific, and that these responses
are related with the O3 sensitivity of the plants (Yuan et al.
2015; Agathokleous 2017). In the present experiment, those
cultivars for which the responses of yield to EDU differed
significantly from the responses to water (> 25% change in
JM58, SN22, SX616, SX733, and HN6049) should be
regarded as most O3-sensitive. On the contrary, eight of the
cultivars showed no significant responses to the EDU treatment and should be considered intermediate sensitivity to current ambient O3 levels. The less-sensitive cultivars SY20,
SX633, and L639 showed a < 10% change of yield in response to EDU. Actually, a 10% reduction in the field could
induce a large yield loss across China or the world. However,
our category is a relative comparison of O3 sensitivity among
these cultivars. From a practical point of view, these less-
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sensitive cultivars may represent an advantage for cultivation
in O3-polluted areas and suggest that O3 sensitivity needs to be
considered in the crop breeding programs. The ranking from
lower to higher sensitivity of winter wheat cultivars (Fig. 2)
provides useful information for supporting the selection of the
best-suited cultivars for different areas taking into account
their ambient O3 levels, as previously reported for soybean
cultivars (Jiang et al. 2018). Several studies have estimated
yield losses caused by O3 in China and other areas of Asia
(e.g., Tang et al. 2013). However, these results should be
regarded as unproven hypotheses that should be tested against
actual experimental results under current ambient O3 levels. In
this sense, EDU experiments can provide estimations of the
effects on crop yield and other parameters at a low cost and
without problems associated with the modification of the environment of the plants as it is the case of enclosure techniques
(Paoletti et al. 2009; Manning et al. 2011; Tiwari 2017).
Therefore, experiments with EDU using different varieties of
plants can account for the intraspecific variability of O3 sensitivity and represent a practical tool to assess O3 risk to vegetation and to validate model estimations in different areas of
the world. However, in order to increase the reliability of this
type of studies, it is urgent that the mechanism of antiozonant
activity should be better elucidated, which could be helped by
the gene expression and protein profiling techniques (Tiwari
2017).
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