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Abstract
Rising tropospheric ozone concentrations can cause rice yield losses and necessitate the breeding of ozone-tolerant rice 
varieties. However, ozone tolerance should not compromise the resistance to important biotic stresses such as the rice blast 
disease. Therefore, we investigated the interactive effects of ozone and rice blast disease on nine different rice varieties in an 
experiment testing an ozone treatment, blast inoculation, and their interaction. Plants were exposed to an ozone concentration 
of 100 ppb for 7 h per day or ambient air throughout the growth period. Half of the plants were simultaneously infected with 
rice blast inoculum. Grain yield was significantly reduced in the blast treatment (17%) and ozone treatment (37%), while 
the combination of both stresses did not further decrease grain yields compared to ozone alone. Similar trends occurred for 
physiological traits such as vegetation indices, normalized difference vegetation index (NDVI), photochemical reflectance 
index (PRI), Lichtenthaler index 2 (Lic2), and anthocyanin reflectance index 1 (ARI1), as well as stomatal conductance 
and lipid peroxidation. Ozone exposure mitigated the formation of visible blast symptoms, while blast inoculation did not 
significantly affect visible ozone symptoms. Although different genotypes showed contrasting responses to the two types 
of stresses, no systematic pattern was observed regarding synergies or trade-offs under the two types of stresses. Therefore, 
we conclude that despite the similarities in physiological stress responses to ozone and blast, the tolerance to these stresses 
does not appear to be genetically linked in rice.
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Introduction

Crops are exposed to both abiotic and biotic stresses in 
the field (Chojak-Koźniewska et  al. 2018; Cohen and 
Leac 2019). Increasing tropospheric ozone concentrations 
and blast disease caused by Magnaporthe oryzae are two 
coinciding stresses affecting rice (Oryza sativa L.) yield 

worldwide (Singh et al. 2020; Ashrafuzzaman et al. 2021). 
The annual yield loss due to rice blast disease is estimated 
at 10–30% (Wilson and Talbot 2009; Ashkani et al. 2015; 
Sakulkoo et al. 2018), whereas ozone reduces global rice 
yield by an estimated 4.4% annually (Mills et al. 2018). Cur-
rent approaches for testing and developing stress-tolerant 
rice varieties by applying either single biotic stress (e.g., 
bacteria, fungi, nematodes, insects, etc.) or abiotic stress 
(e.g., ozone, drought, salinity, submergence, etc.) may 
insufficiently account for synergies or trade-offs in toler-
ance mechanisms (Mittler and Blumwald 2010; Atkinson 
and Urwin 2012; Agathokleous et al. 2021). Therefore, the 
interactions of multiple abiotic and biotic stresses need to 
be considered in crop breeding.

Ozone is formed due to complex photochemical reactions 
of precursor gases such as nitrous oxide (NOx), carbon mon-
oxide (CO), and volatile organic compounds (VOCs) in the 
presence of sunlight (Otero et al. 2021). Its concentration has 
been rising in the troposphere (Tarasick et al. 2019; Yang 
et al. 2020). In different growth stages, major crops such as 
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maize, wheat, rice, and soybean, regularly face ozone stress 
with concentrations of ~60–100 ppb (Ainsworth 2017), 
which leads to total annual yield losses estimated at 200 
million tons (Mills et al. 2018). Regionally, ozone stress 
leads to 10% of rice yield losses, which may exacerbate in 
the future with further increases in ozone levels in South and 
East Asia, especially in India and Bangladesh (Ainsworth 
2008; Van Dingenen et al. 2009; Frei 2015; Mahmood et al. 
2021). For example, with an increase of 1% in tropospheric 
ozone concentration in South Asian countries, rice produc-
tivity decreases by 2.3% (Mahmood et al. 2020).

Ozone diffuses into plants through the stomata during 
photosynthetic gas exchange and generates reactive oxygen 
species (ROS) in the apoplast (Vahisalu et al. 2010). There-
fore, foliar necrotic symptoms can occur due to direct tissue 
damage caused by ROS or programmed cell death (PCD) 
induced by ROS (Kangasjärvi et al., 2005). Furthermore, 
as a response to ozone, plants restrict the stomatal opening, 
thus limiting the carbon dioxide uptake from the air reduc-
ing photosynthetic capacity (Frei 2015; Mahmood et al. 
2020). Other critical physiological responses of crops to 
ozone include lipid peroxidation in cellular membranes, pro-
tein denaturation, pigment breakdown, and premature leaf 
senescence (Frei 2015; Ainsworth 2017), leading to reduced 
crop biomass, yield, and quality (Ashrafuzzaman et al. 2018; 
Emberson et al. 2018; Begum et al. 2020; Mahmood et al. 
2020).

Blast disease is caused by the filamentous ascomycete’s 
fungus Magnaporthe oryzae and affects rice yield in rice-
growing regions worldwide (Faivre-Rampant et al. 2013). 
The severity of rice blast disease depends on climate con-
ditions: high relative humidity >90%, and temperature 
ranges from 24–30 °C can lead to an epidemic of dreaded 
blast diseases (Hensawang et al. 2017). The blast fungus 
can infect rice plants at all development stages resulting in 
leaf, node, neck, and panicle blast. Under favorable con-
ditions, foliar infection is initiated by the attachment of a 
three-celled conidium of M. oryzae to the rice leaf cuticle 
(Wilson and Talbot 2009). About 4 to 5 days after infec-
tion (Boddy 2016), necrotrophic lesions appear on leaves, 
in which the fungus sporulates profusely, thus allowing the 
disease to spread rapidly to adjacent rice plants (Hamer et al. 
1988; Talbot 2003). The outbreak of this disease is a threat 
to global food security, as rice-growing Asian and African 
countries can incur 60 to 100% yield loss under epidemic 
conditions of the blast (Kihoro et al. 2013). Annual global 
yield loss of rice due to blast is equivalent to the amount of 
rice required to feed 60 million people (Pennisi 2010).

Thus, these two stresses put food security at risk, as rice 
is the staple food crop for Asian countries (Frei 2015). Indi-
vidual effects of tropospheric ozone and blast on rice yield 
and quality were well documented. Some studies have inves-
tigated the simultaneous fungal attack and ozone exposure in 

different plants (Wukasch and Hofstra 1977; Pazarlar et al. 
2017). However, the combined effect of ozone and blast on 
rice was not previously evaluated, although blast overlaps 
with the peak ambient ozone concentrations in South and 
East Asia (Khush and Jena 2009; Frei 2015). Hur et al. 
(2002) found that rice blast conidia cultured under acute 
ozone showed reduced pathogenicity on rice plants grown in 
an ozone-free environment. The abundance of blast disease 
in areas where ambient ozone occurs at high levels may lead 
to interactions between the two factors in field-grown plants. 
However, no information is available on whether there is 
a synergy or a trade-off in tolerance or resistance against 
these different stresses in rice. In fact, ozone has been char-
acterized as an abiotic elicitor of plant defense reactions 
(Sandermann et al. 1998). Based on many studies, the action 
of ozone is hormetic, which means that it enhances plant 
defense mechanisms and preconditions plants against other 
environmental challenges when not exceeding the toxico-
logical threshold (Agathokleous et al. 2019). The common 
denominator of both stresses could be PCD, a characteris-
tic plant response in ozone stress and pathogen infections 
(Heath 2000; Kangasjärvi et al. 2005). Disease resistance 
involves confining pathogens in dead cells by triggering 
PCD, thereby preventing their spread to the other tissues 
(Apel and Hirt 2004). On the other hand, ozone tolerance 
required avoidance of programmed cell death caused by 
ozone-derived apoplastic ROS (Ueda et al. 2015b). There-
fore, this study aimed at evaluating different rice genotypes 
under the combined treatment of ozone and blast stress. Our 
specific research questions were (i) Does ozone exposure 
affect the plants’ responses to blast disease and vice versa? 
(ii) Are ozone and blast tolerance correlated in different 
rice genotypes, either positively or negatively? In order to 
address these questions, we conducted an experiment with 
nine diverse genotypes exposed to ozone and blast stress 
either alone or in combination.

Materials and methods

Plant materials and growth conditions

The experiment was conducted in a climate-controlled 
greenhouse from September 2020 to February 2021. Nine 
different rice genotypes were used in this experiment: (i) 
Nipponbare, an ozone sensitive Japanese Japonica rice vari-
ety (Jing et al. 2016); (ii) BRRI dhan28, an ozone sensitive 
and popular Bangladeshi Indica rice variety (Ashrafuzza-
man et al. 2018); (iii) Binadhan-11, an ozone sensitive and 
Bangladeshi modern Indica rice variety (Ashrafuzzaman 
et al. 2018); (iv) IR64, an ozone sensitive (Ashrafuzzaman 
et al. 2018) and one of the world’s most widely grown Indica 
rice varieties, also known as blast-resistant (Sallaud et al. 
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2003); (v) Kasalath, a Bangladeshi Aus landrace which is 
the donor for ozone tolerant quantitative trait loci (Frei et al. 
2008, 2010); (vi) L81, an ozone tolerant genotype carrying 
introgressions of two ozone tolerant quantitative trait loci 
from Kasalath in the background of Nipponbare (Wang et al. 
2014); (vii) CO39, a blast-susceptible Indica rice genotype 
(Telebanco-Yanoria et al. 2011), (viii) Koshihikari, a blast-
susceptible short-grain rice Japonica cultivar (Kobayashi 
et al. 2018); (ix) Kitaake, a model Japonica rice cultivar (Li 
et al. 2017). These seeds were collected from plants grown 
in a greenhouse at the University of Bonn, Germany that had 
no stress exposure.

Seeds were germinated at 30 °C in deionized water in the 
dark for 3 days (Ashrafuzzaman et al. 2018). The seedlings 
were then transferred to a mesh floating on solutions con-
taining one-fourth strength Yoshida nutrient solution (pH 
5.5) and placed under natural light in the greenhouse for 7 
days (Yoshida et al. 1976). The pH was adjusted to 5.5.

A total of one hundred forty-four pots were filled with 
local clay-silt luvisol soil with 16% clay, 77% silt, 7% sand, 
1.2% organic carbon, and pH 6.5. To ensure balanced nutri-
tion, “NovaTec classic 12-8-16” (12% N, 8% P2O5, 16% 
K2O) was applied initially at the rate of 0.8 g/pot (Ueda 
et al. 2015a; Ashrafuzzaman et al. 2017). The same ferti-
lizer dose was applied at the reproductive stage. For blast 
inoculation, two seedlings of each genotype at 10-d were 
sown into a 10-cm diameter pot. The pots were placed in 
trays filled with water from transplanting throughout the 
growing season. Supplementary lighting was provided in 
the greenhouse from 7 a.m. to 6 p.m. to ensure a minimum 
photosynthetic photon flux density (PPFD) of 300 μmol m−2 
s−1. The minimum temperature of the greenhouse was set 
to 28/22 °C (day/night), and the average humidity was 53% 
(Ashrafuzzaman et al. 2018).

Four different treatments with four replicates were imple-
mented: (a) control, (b) blast, (c) ozone, and (d) ozone and 
blast. In total, eight open-top chambers (length 1 m, width 1 
m, height 1 m) were used for control (4 chambers) and ozone 
fumigation (4 chambers). In each chamber, there were two 
trays, and each tray accommodated nine pots of different 
genotypes (two plants per pot). Plants from only one tray in 
each chamber were infected with the blast.

Growth of fungal pathogen, inoculum preparation, 
and inoculation of rice plants

Magnaporthe oryzae isolate Li1497 (1328) was used for 
blast inoculation. Isolate Li1497 was grown on potato dex-
trose agar (PDA) for 7 days and then sub-cultured on rice 
leaf agar (50 g fresh rice leaves, 15 g agar, 10 g soluble 
starch, 2 g yeast extract in 1000 ml water). The cultures 
were incubated under UV light (16/8 h day/night) at 25 °C 
for 14 days to induce sporulation. Conidia of M. oryzae were 

harvested by scraping off the mycelia using tap water with a 
drop of Tween 20 and 0.4% gelatin and then strained through 
a double layer of cheesecloth. Rice plants at the three-leaf 
stage (24 days old seedlings) were inoculated by spraying 
with conidial suspensions (105 conidia/ml) using a hand 
sprayer, which is optimal for visible disease reactions (Li 
et al. 2014; Zhang et al. 2014; Deng et al. 2016; Chen et al. 
2019; Chakraborty et al. 2020; Norvienyeku et al. 2021). 
The inoculated plants were kept in a dark, moist incuba-
tion chamber at 25 °C and >95% RH for 24 h and were 
subsequently taken back to the greenhouse. The other non-
inoculated plants were also kept in a dark, moist chamber to 
ensure the same growth condition.

Ozone treatment

Plants were exposed to an ozone treatment from 15 DAT 
(days after transplanting) to 137 DAT (until the end of 
growth season) in open-top chambers (OTC) (Ueda et al. 
2015a). A custom-made ozone generator (UB 01; Gemke 
Technik GmbH, Ennepetal, Germany) was used to ensure 
an ozone concentration of 100 ppb for 7 h (9:00–16:00 h) 
every day. As input, dried air passing through silica gels was 
used, and the generated ozone was first percolated through 
the water to remove reactive gases other than ozone. Then 
ozone-enriched air was blown into the chambers and evenly 
distributed via perforated plastic pipes running above the 
plant canopy. The ozone output was regulated by an ozone 
monitor (K100 W; Dr. A. Kuntze GmbH, Meerbusch, Ger-
many) and detected by an ozone sensor (GE 760 ozone; Dr. 
A. Kuntze GmbH, Meerbusch, Germany) placed inside the 
fumigation chambers. Besides, the ozone concentrations 
were continuously monitored in the different chambers with 
an independent handheld ozone monitor (series 500; Aero-
qual Ltd. Auckland, New Zealand) at 5-min intervals. The 
average recorded ozone concentration was 103 ± 12 ppb 
(average ± standard error) in the ozone treatment, whereas 
the average concentration in control conditions was 22 ± 6 
ppb. Control plants were exposed to ambient ozone concen-
trations, but in the control conditions, the ambient ozone 
concentrations were maintained below the damage threshold 
level (40 ppb) (Ashrafuzzaman et al. 2018). Ozone fumiga-
tion was continued for 123 days until all genotypes reached 
maturity.

Assessment of leaf blast severity

Visual leaf blast symptoms were quantified as blast sever-
ity score (BSS) using a scoring scale ranging from 0 to 9 
(Hensawang et al. 2017), which was assessed 11, 21, and 
61 DAI (days after inoculation). Score classification of rice 
blast disease and disease severity level was as follows: no 
lesion observed (score 0, severity 0%), small brown specks 
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of pin-point size, or larger brown specks without a sporulat-
ing center (score 1, severity 1%), small roundish to slightly 
elongated, necrotic gray spots, about 1–2 mm in diameter, 
with a distinct brown margin (score 3, severity 5%), necrotic 
gray spots about 1–2 mm, with a brown margin, typical blast 
lesions infecting 4–10% of the leaf area (score 5, severity 
25%), necrotic gray lesion about 2–5 mm, with a yellow 
margin, typical blast lesions infecting 26–50% of the leaf 
area (score 7, severity 50%), the lesion expands more than 
75% leaf area affected (score 9, severity 75%) (Hensawang 
et al. 2017).

Evaluation of ozone‑induced leaf symptoms

Visible leaf symptoms of ozone stress as leaf bronzing score 
(LBS) were assigned at 10, 20, and 60 DAO (days after 
ozone exposure) to two fully expanded leaves of each plant 
as previously described (Frei et al. 2008; Ueda et al. 2015a). 
The score ranged from 0 (no ozone-induced symptoms) to 
10 (the whole leaf severely damaged).

Spectral reflectance and stomatal conductance

Spectral reflectance measurements were taken using a Pol-
ypen RP410 instrument (Photon Systems Instruments, Dra-
sov, Czech Republic) three times at 10, 20, and 60 DAO. 
Three points were measured from the second youngest fully 
expanded leaf of each plant, and the average of the three 
points was calculated. The following indices were deter-
mined: normalized difference vegetation index  (NDVI) 
= (R780 – R630)/(R780 + R630) (Rouse et al. 1973); photo-
chemical reflectance index (PRI) = (R528 − R567)/(R528 + 
R567) (Gamon et al. 1992); Lichtenthaler index 2 (Lic2) = 
R440/R690 (Lichtenthaler et al. 1996); and anthocyanin reflec-
tance index 1 (ARI1) = 1/R550 – 1/R700 (Gitelson et al. 2001). 
Vegetation indices were selected based on significant differ-
ences between treatments and relatedness with ozone stress. 
Stomatal conductance measurements were performed at 20 
DAO using a leaf porometer (model SC1, Decagon Devices, 
Pullman, WA). Two points were measured from each plant's 
second-youngest fully expanded leaf, and the average of the 
two points was calculated.

Biomass and yield

Plants were harvested when all genotypes had reached matu-
rity. During harvesting, plant height, tiller number, and pani-
cle numbers were measured. Harvested plants were dried in 
the oven at 50 °C for 72 h, and other agronomic characteris-
tics such as single plant weight, filled grain number, hundred 

kernel weight, grain yield, straw biomass, and harvest index 
were measured.

Lipid peroxidation analysis

To evaluate the lipid peroxidation in different genotypes, 
malondialdehyde (MDA) content in the shoot was quanti-
fied from each treatment at 20 DAO. The samples were col-
lected between 10:00 and 12:00 h, immediately frozen in 
liquid nitrogen, and stored at −80 °C until further analysis. 
The amount of MDA was measured as described previously 
(Hodges et al. 1999; Höller et al. 2014). Extraction was 
performed from approximately 100 mg of ground tissues 
with 1.5 mL of 0.1% (w/v) trichloroacetic acid (TCA). After 
ultrasonication for 5 min, samples were centrifuged at 4 °C, 
and 14,000 g for 15 min, and the supernatants were divided 
into two aliquots of 500 μL into 14 ml falcon-tube. These 
aliquots of the same extract were mixed with reaction solu-
tion I (background reference) that contained 0.01% (w/v) 
2,6-di-tert-butyl-4-methylphenol (BHT) dissolved in 20% 
TCA (w/v), and reaction solution II additionally containing 
0.65% 2-thiobarbituric acid (TBA), respectively. The mix-
ture was then heated to 95 °C for 30 min, and the absorb-
ance was measured at 440, 532, and 600 nm. Blank samples 
were also prepared with 0.1% (w/v) TCA solution instead of 
sample supernatant, and the absorbance was subtracted from 
each sample value.

Statistical analysis

Analysis of variance (ANOVA) was performed by mixed 
model three-way ANOVA using the program R (R for Win-
dows 3.5.1), packages nlme, and emmeans (R Core Team 
2018). Ozone, blast, genotype, and their interactions were 
considered fixed effects, while chamber as a random effect. 
The mean comparison was performed by Tukey's test for 
post hoc adjustment, and P-values less than 0.05 were con-
sidered significant. Vegetation indices at 20 DAO, LBS at 
20 DAO, BSS at 20 DAO, stomatal conductance at 20 DAO, 
MDA at 20 DAO, panicle number, filled grain number, straw 
biomass, and grain yield was used for the Pearson correla-
tion matrix analysis.

Results

Differential visual symptoms in response to ozone 
and blast inoculation

After blast inoculation and exposure to ozone, plants were 
repeatedly phenotyped using the visual scoring scale; LBS 
for ozone and BSS for the blast. Visual symptoms did not 
occur in control plants but were only seen in plants exposed 
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to ozone, blast, or combined treatment. Blast inoculated 
plants showed a significant average decrease in BSS under 
ozone fumigation. In contrast, blast inoculation did not sig-
nificantly affect leaf bronzing score to ozone in all three 
sampling dates (Table 1).

LBS and BSS exhibited highly significant genotypic dif-
ferences. The most visible ozone damage was seen in CO39, 
followed by Binadhan-11, IR64, BRRI dhan28, Koshihikari, 
Nipponbare, Kitaake, and the least symptoms in Kasalath 
and L81 (Supplementary Table 1). BSS was highest in 
CO39, followed by Koshihikari, Nipponbare, BRRI dhan28, 
IR64, and Kasalath. No blast symptoms were observed in 
Binadhan-11 and Kitaake. Under combined ozone and blast 
treatment, CO39 and L81 showed a decreased BSS, whereas 
the BSS did not change for other genotypes (Supplementary 
Table 1). Overall, the visual symptom assessment demon-
strated that ozone exposure rather reduced blast severity; 
in contrast, blast disease did not significantly affect ozone 
sensitivity.

Spectral reflectance indices

When averaged across all genotypes, a significant response 
of vegetation indices was seen due to ozone, blast, and ozone 
and blast treatment. Comparing treatment responses on the 
individual sampling days, significant effects of blast treat-
ment occurred at 20 DAO for all the indices. In addition, 
a significant effect caused by blast on PRI and Lic2 was 
also seen on DAO 10. Blast by genotype interaction was 
primarily seen at 20 DAO. In contrast, vegetation indices 
significantly responded to ozone in all three sampling dates. 
In addition, significant ozone by genotype interaction was 
observed. Significant interactions between ozone and blast 
and among ozone, blast, and genotype were seen at 10 and 
20 DAO for all vegetation indices (Table 1). All the indices 
demonstrated highly significant genotypic differences.

Values for NDVI, a proxy for leaf greenness (chloro-
phyll content), were significantly lower in blast-infected 
plants than in the control at 20 DAO. Leaf greenness was 
significantly lower in ozone-affected plants than in the blast 
or control treatment on all three sampling days. Interest-
ingly, double stress, i.e., ozone and blast, did not signifi-
cantly reduce leaf greenness compared to ozone stress only 
(Table 1). Comparing individual genotypes at 20 DAO, leaf 
greenness was not affected in blast-exposed Binadhan-11 
and Kitaake. However, all ozone-treated plants showed a 
significant decrease in leaf greenness compared to control 
except for highly ozone tolerant L81. For combined ozone 
and blast stress, none of the plants showed a significant 
change in leaf chlorophyll content compared to ozone stress 
only (Fig. 1A).

PRI estimates the photosynthetic light use efficiency 
and showed significantly decreased values in blast-affected 

plants compared to control at 20 DAO. In all three sampling 
dates, ozone treatment induced a significant reduction in PRI 
compared to blast or control. No significant difference was 
observed between ozone and ozone and blast except for 10 
DAO (Table 1). When comparing genotypes at 20 DAO, no 
significant differences were seen between ozone and ozone 
and blast. All the genotypes under ozone and ozone and 
blast treatments showed a significant reduction in PRI com-
pared to control and blast, except for L81, which showed no 
significant differences between blast and ozone and blast 
treatment (Fig. 1B).

Vegetation index Lic2 represents the carotenoid to chlo-
rophyll pigment ratio, which tends to decrease under stress 
conditions. A significant decrease in Lic2 in ozone stress 
compared to control or blast was observed. At 60 DAO, Lic2 
did not significantly change in the blast compared to the 
control, and no significant response in Lic2 was observed 
in the ozone and blast compared to ozone except for 10 
DAO (Table 1). None of the genotypes showed significant 
responses to blast compared to control and to ozone com-
pared to ozone and blast for Lic2 (Fig. 1C). In contrast, we 
observed a significant decrease in Lic2 in ozone and ozone 
and blast compared to control or blast except for L81, which 
showed nonsignificant responses between blast and ozone 
(Fig. 1C).

ARI1 represents anthocyanin level in plants and was sig-
nificantly higher in the blast treatment compared to con-
trol at 20 DAO. In addition, ARI1 was higher in ozone and 
ozone and blast compared to control or blast, while no sig-
nificant difference was seen between ozone and ozone and 
blast (Table 1). Ozone-tolerant genotype L81 did not show 
any significant variation for ARI1 among all treatments. 
The highest ARI1 was seen in CO39 under ozone stress 
(Fig. 1D), which is highly susceptible to blast or ozone. 
However, there were no significant differences for ARI1 
between control and blast and ozone and ozone and blast in 
any genotypes (Fig. 1D).

In summary, vegetation indices were generally affected 
under ozone fumigation. On the other hand, in double 
stress, vegetation indices were not significantly different 
from those in ozone stress but rather worse than in the blast 
treatment. Moreover, prolonged ozone fumigation increased 
the adverse effect, whereas blast severity did not increase in 
plants after a certain period.

Physiological characteristics

As a proxy for photosynthetic gas exchange, stomatal con-
ductance was measured at 20 DAO. Individual and combined 
treatment effects and highly significant genotypic differences 
were seen. Compared to control, stomatal conductance was 
significantly lower in the blast, ozone, and ozone and blast. 
However, there was no significant difference between ozone 
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and ozone and blast (Table 1). Significantly reduced stoma-
tal conductance was observed in all the genotypes except for 
Kitaake and Kasalath in blast compared to control. Stomatal 
conductance was not lower in ozone and blast than in ozone, 
and in most cases, both were significantly lower than control 
or blast. Ozone-tolerant L81 showed a significant difference 
between control and other treatments, and Kasalath showed 
a significant difference between control and ozone and blast 
(Fig. 2).

MDA concentration was also measured from the plants 
harvested at 20 DAO to quantify lipid peroxidation as an 
indicator of oxidative stress. Averaged over all genotypes, 
significant increases of MDA occurred due to individual 
and combined stress treatments. Shoot MDA concentration 
was significantly higher in ozone than in control or blast, 
but there was no significant difference between ozone and 
ozone and blast. In addition, blast led to significantly higher 
MDA concentration than control (Table 1). Kasalath did not 
show any significant increase in lipid peroxidation in any 
of the treatments, while L81 showed significantly elevated 

Fig. 1   Vegetation indices at 20 DAO based on the reflectance spectra 
of nine rice genotypes exposed to ozone, blast, ozone and blast, or 
control conditions. Y-axis represents different indices and bars indi-
cate the mean value ± standard errors (n = 8), X-axis represents dif-

ferent rice genotypes. Letters above the bars indicate pair-wise com-
parison (P < 0.05) within the genotype (mean values not sharing the 
same letter are significantly different)

Fig. 2   Stomatal conductance (mmol m−2 s−1) at 20 DAO of nine rice 
genotypes exposed to ozone, blast, ozone and blast, or control condi-
tions. Bars indicate the mean value ± standard errors (n = 8). Letters 
above the bars indicate pair-wise comparison (P < 0.05) within the 
genotype (mean values not sharing the same letter are significantly 
different)
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MDA only in ozone and blast compared to control (Fig. 3). 
Ozone and blast susceptible CO39 and Koshihikari showed 
significantly higher MDA concentration in the blast, ozone, 
and ozone and blast compared to control. Other genotypes, 
i.e., Binadhan-11, IR64, BRRI dhan28, Nipponbare, and 
Kitaake, did not show significant differences in MDA con-
centration between control and blast. The same trend was 
observed for ozone and ozone and blast; however, ozone 
and ozone and blast showed significantly higher MDA than 
control or blast for those genotypes. Generally, our results 
suggested that ozone caused much higher oxidative stress 
than blast (Fig. 3).

In summary, photosynthetic gas exchange and lipid per-
oxidation were significantly affected by individual or com-
bined stress, but no escalation occurred due to combined 
ozone and blast treatment.

Yield components

Several yield components were determined to reflect both 
straw and grain yields. Six yield components such as panicle 
number, single plant weight (g), filled grain number, grain 
yield (g), straw biomass (g), and harvest index showed sig-
nificant treatment effects due to the decline in the ozone 
treatment (Table 2). In addition, four traits such as panicle 
number, filled grain number, grain yield (g), and harvest 
index showed a considerable blast effect (Table 2). There 
was a significant interaction for ozone by genotype for all 
traits except for plant height, but no interaction was identi-
fied for a blast by genotype (Table 2). In addition, ozone by 
blast interaction was observed only for filled grain number, 
grain yield, and harvest index, but no interaction was seen 

Fig. 3   Malondialdehyde (MDA) concentrations at 20 DAO in leaves 
of nine rice genotypes exposed to ozone, blast, ozone and blast, or 
control conditions. Bars indicate mean value ± standard errors (n = 
3), fresh weight (FW). Letters above the bars indicate pair-wise com-
parison (P < 0.05) within the genotype (mean values not sharing the 
same letter are significantly different)
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for ozone, blast, and genotype (Table 2). Compared to the 
control, the average grain yield loss due to blast, ozone, and 
ozone and blast across all genotypes was around 17%, 37%, 
and 41%, respectively. However, the difference in yield loss 
between ozone and blast and ozone was statistically insig-
nificant (P = 0.6568). Compared to the blast treatment and 
control, significant straw biomass reduction was observed in 
ozone and ozone and blast treatment (Table 2).

All the harvest fractions exhibited highly significant 
genotypic differences (Table 2). Panicle number per plant 
was significantly reduced in CO39 and Binadhan-11 for 
ozone and ozone and blast compared to control; while other 
genotypes did not show any significant responses (Fig. 4A). 
The filled grain number was not significantly affected in the 
ozone tolerant genotypes Kasalath and L81 due to ozone 
or blast or ozone and blast (Fig. 4B). In contrast, a signifi-
cant reduction in filled grain number was observed in CO39 
and Koshihikari due to blast, ozone, and ozone and blast 
(Fig. 4B). Straw biomass was significantly reduced in most 
genotypes in ozone and ozone and blast compared to control, 
except for Nipponbare, L81, and Kasalath, which did not 

show a significant reduction (Fig. 4C). There was no escala-
tion due to combined ozone and blast treatment compared 
to ozone in any genotype (Fig. 4C). Compared to control, 
a significant grain yield loss due to blast was seen only in 
CO39 and Koshihikari (Fig. 4D). However, most genotypes, 
except Kasalath and L81, showed a significantly reduced 
yield in ozone and ozone and blast-affected plants compared 
to control or blast. The combined ozone and blast treatment 
did not exacerbate yield loss in any genotype compared to 
individual ozone or blast treatment (Fig. 4D).

In conclusion, yield components were highly affected, 
mainly due to the negative effects of ozone on the filled grain 
number (Table 2).

Correlations between traits

We conducted a correlation analysis (Fig. 5) to analyze how 
different traits were interrelated within the three stress treat-
ments (ozone, blast, and ozone and blast). For this analy-
sis, we used relative values (value in the stress treatment/
value in the control). The strongest correlations were seen 

Fig. 4   Yields and yield components of three different rice genotypes 
exposed to four different treatments of nine rice genotypes exposed 
to ozone, blast, ozone and blast, or control conditions. Bars indicate 

mean value ± standard errors (n = 4). Letters above the bars indicate 
pair-wise comparison (P < 0.05) within the genotype (mean values 
not sharing the same letter are significantly different)
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in auto-correlated traits, i.e., between different vegetation 
indices or between different yield components. BSS showed 
a strong correlation with almost all of the traits within the 
blast treatment, and LBS in ozone treatment also signifi-
cantly correlated with most of the traits. However, no sig-
nificant correlation was observed for BSS within ozone and 
blast treatment, where LBS was significantly associated 
with most other traits (Fig. 5C). Notably, grain yield was 
significantly correlated with most traits when plants were 
exposed to individual treatment, i.e., ozone or blast. In the 
combined ozone and blast treatment, the strongest correla-
tion was identified between grain yield and LBS rather than 
BSS (Fig. 5C). These data demonstrated that in combined 
ozone and blast treatment, ozone was the dominating stress 
for plants compared to blast.

Discussion

Interactions between ozone and blast stress

The first objective of this study was to explore interactions 
between ozone and blast stress on rice plants. Notably, many 
of the traits measured in this study demonstrated significant 
interactions between ozone and blast treatment (Tables 1 and 
2). In order to quantify stress symptoms, we employed visual 
scoring scales. LBS as a measure for visible ozone damage 
(Ueda et al. 2015a,b; Ashrafuzzaman et al. 2017; Begum 
et al. 2020) and BSS as a measure for blast severity (Chal-
lagulla et al. 2015; Hensawang et al. 2017; Devi et al. 2020) 
have repeatedly been used in previous studies and are thus 
well established. In this experiment, under combined ozone 

and blast treatment, ozone exposure reduced blast severity 
(Table 1, Supplementary Table 1). Symptoms of oxidative 
stress triggered by ozone appeared as chlorosis and brown 
spots on the leaves, while diamond-shaped light tan lesions 
with necrotic borders (Supplementary Fig. 1) character-
ized blast symptoms. The differential appearance of LBS 
and BSS helped us to distinguish between ozone and blast 
injury in combined ozone and blast treatment. A previous 
report showed that rice blast fungus infection potential was 
inhibited by 200 ppb of acute ozone exposure for 3 days 
(Hur et al. 2002). However, in that experiment, they grew 
the blast conidia under ozone exposure and then inoculated 
plants which had not been exposed to ozone. Thus, they 
did not investigate plant reactions to single or combined 
stresses. When used at appropriate concentrations, ozone 
could trigger defense against pathogens (Pazarlar et  al. 
2017), as ozone generates ROS, which forms part of the 
primary defense mechanism in plants against pathogens 
(Torres et al. 2006; Huang et al. 2019). Our data suggested 
that long-term chronic ozone fumigation at 100 ppb did not 
favor the environment for blast conidia growth and infec-
tion. As a hemibiotrophic (Park et  al. 2009; Fernandez 
and Orth 2018) fungal pathogen, M. oryzae requires living 
cells at the initial period (biotrophy). Thus, their feeding 
may be inhibited by ozone-induced leaf senescence and cell 
death (Violini 1995). Inside the plant, ozone-induced ROS 
may accelerate defense-like responses, including cell wall 
strengthening (e.g., through lignification) and induction of 
pathogen-associated defense genes (Sandermann et al. 1998; 
Fiscus et al. 2005). Some other biotrophic fungal pathogens 
also showed decreased disease severity under ozone fumi-
gation, e.g., powdery mildew in barley (Mikkelsen et al., 

Fig. 5   Pearson correlation matrix for phenotypic traits of rice geno-
types exposed to blast (A), ozone (B), and ozone and blast (C). Aster-
isk indicates statistically significant correlation at *p < 0.05; ** p 
< 0.01; p < 0.001; ***; p < 0.0001****. BBS, blast severity score; 
LBS, leaf bronzing score; NDVI, normalized difference vegetation 
index; PRI, photochemical reflectance index; Lic2, Lichtenthaler 

index 2; ARI1, anthocyanin reflectance index 1; SC, stomatal con-
ductance (mmol m−2 s−1); MDA malondialdehyde (nmol g−1); FW, 
fresh weight; PN, panicle number; FGN, filled grain number; SB, 
straw biomass (g); GY, grain yield (g). Relative values (ratio of value 
for plants grown under stress conditions relative to the control condi-
tion) were used except for BSS and LBS (n = 9)
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2015), in wheat (Pazarlar et al. 2017), and cucumber (Khan 
and Khan 1999). However, young wheat plants showed a 
severe powdery mildew (biotrophic) attack when exposed 
to 80 to 160 ppb of ozone, while at a concentration of 240 
ppb, powdery mildew attack was significantly reduced. In 
that study, very high ozone concentration enhanced the pre-
mature senescence of the wheat leaf, which inhibited the 
powdery mildew growth (Tiedemann 1992).

We employed a set of vegetation indices to estimate ozone 
and blast effects on foliar pigments at individual plant levels 
through non-destructive measurements (Sims and Gamon 
2002; Meroni et al. 2009; López López et al., 2016). For 
different host-pathogen interactions, reductions in pigment 
concentrations are the most notable adverse effects result-
ing from pathogen infection (Lichtenthaler and Miehé 1997; 
Baker 2008). Apart from the commonly used NDVI, ozone 
responsive vegetation index Lic2 (Begum et al. 2020) was 
significantly positively correlated with grain yield in the 
blast and ozone and blast treatment. In many stressful situa-
tions, chlorophyll degrades faster than carotenoids (Penuelas 
et al. 1995; Liu et al. 2011), as reflected in Lic2. However, 
in the combined stress, the additional blast infection did not 
escalate the damaging effect.

One possible explanation for the mitigating effect of 
ozone on blast infection could be phytoalexin-type cellular 
compounds (Skarby and Pell 1979). The chemical substance 
phytoalexin inhibits the fungus development and is formed 
or activated only when the host plants contact the parasite 
(Harborne 1993). However, ozone resembles fungal elicitors, 
and phytoalexins were induced by ozone in soybean (Keen 
and Taylor 1975), pine needles (Sandermann 1996), and 
in grapevine (Schubert et al. 1997). Rice infected with M. 
oryzae showed resistant disease reactions probably through 
activation of ROS and phytoalexin production (Yang et al. 
2017). In addition, ozone activates salicylic acid-dependent 
signaling pathways previously shown to be associated with 
the activation of pathogen defense reactions (Sharma et al. 
1996; Rao and Davis 1999). In tobacco, the ozone-induced 
salicylic acid signaling pathway increased tolerance towards 
the tobacco mosaic virus (Yalpani et al., 1994).

Regarding the grain yield, a significant decline was seen 
in ozone and ozone and blast compared to blast or control. 
However, the most blast susceptible CO39 and Koshihikari 
contributed to a likewise significant yield loss in the blast 
treatment compared to control. In our study, season-long 
high ozone (103 ppb) treatment caused a 37% yield loss 
in rice (Table 2). For comparison, Ashrafuzzaman et al. 
(2017) reported grain yield losses in rice exceeding 26% 
after season-long ozone fumigation with an average ozone 
concentration of 77 ppb. Yield loss for the blast was around 
17%, but in the combined ozone and blast, these yield losses 
from individual stresses did not simply sum up, but were 
only slightly and nonsignificantly higher than in the ozone 

alone treatment. In a previous study, the fungal disease pow-
dery mildew combined with 100 ppb ozone did also not 
exacerbate yield loss in cucumber (Khan and Khan 1999). 
However, the reported yield loss due to blast is higher than 
for ozone (Mills et al. 2018; Sakulkoo et al. 2018), which is 
the opposite of our results. We exposed the plants to ozone 
for an entire season with a relatively high average concentra-
tion of 103 ppb ozone. Furthermore, only two out of nine 
genotypes were ozone tolerant in our experiment. Also, the 
genotypes used in this study showed no significant yield loss 
due to blast except for susceptible CO39 and Koshihikari. 
These factors may have resulted in higher yield losses due 
to ozone than due to blast.

These data together answered the first question of this 
study that ozone exposure does not increase the sensitivity 
of plants to blast; rather, it mitigated the formation of vis-
ible blast symptoms, and blast inoculation did not aggravate 
ozone sensitivity. However, in-depth physiological or genetic 
causes need to be explored in further studies.

Contrasting genotypic response to blast disease 
and ozone

The second objective of this study was to explore whether 
ozone and blast tolerance are positively or negatively cor-
related in different rice genotypes. Judged by visual injury, 
some of the genotypes showed both ozone and blast sus-
ceptibility (CO39, Koshihikari, Nipponbare). The ozone-
tolerant Kasalath showed 1% BSS (Supplementary table 1), 
which is considered a resistant reaction to blast inoculation 
(Hensawang et al. 2017; Xiao et al. 2017), whereas the ozone 
tolerant L81 (derived from Kasalath as one of its parents) 
showed blast susceptibility (Supplementary Table 1). It is 
possible that blast sensitivity in L81 was inherited from its 
second parent Nipponbare (Wang et al. 2014), which showed 
a similar level of blast sensitivity. In contrast, Kasalath 
showed a broad spectrum of resistance reactions against 
standard differential blast isolates from the Philippines and 
Japan in a previous study (Ebitani et al. 2011). Kasalath is 
also considered a donor for blast resistance QTL (Hayasaka 
et al. 1995; Takehisa et al. 2009). On the other hand, ozone 
susceptible Binadhan-11, Kitaake, IR64, and BRRI dhan28 
showed blast resistance. Similar to visual injury, differential 
ozone or blast tolerance or susceptibility were also repre-
sented by vegetation indices and other physiological traits 
such as stomatal conductance and lipid peroxidation. Yield 
and yield components did not demonstrate any additive or 
interactive effect regarding blast or ozone tolerance (Table 2, 
Fig. 4). In addition, LBS and BSS were not significantly cor-
related in combined stress (Fig. 5C).

Ozone can induce plant-signaling cascades similar to 
a pathogen response, ultimately leading to PCD (Sander-
mann et al. 1998; Kangasjärvi et al., 2005). Moreover, 
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PCD is an essential pathway of pathogen response in plant 
leaves (Huysmans et al. 2017), which is involved in the 
formation of ozone stress symptoms (Ueda et al. 2015a, 
b). Therefore, balancing the interplay of redox homeosta-
sis and PCD pathways is essential for simultaneous ozone 
and pathogen tolerant breeding (Mills et al. 2018). In our 
study Kasalath, the donor for both ozone and blast tolerant 
QTL did not show any apparent conflict between the ozone 
and blast tolerance in combined ozone and blast stress. 
This genotype was resistant to both blast and ozone. In a 
recent study targeting ozone tolerance and fungal resist-
ance breeding, Mashaheet et al. (2020) tested eight key 
rust-susceptible wheat genotypes for ozone tolerance and 
found differential responses. For example, bread wheat 
genotypes Thatcher and LMPG 6 showed severe sensitiv-
ity to ozone, whereas Chinese Spring showed tolerance for 
ozone-induced visible symptoms and biomass production. 
Taken together, our data suggest that despite the partly 
overlapping physiological responses to ozone and blast 
disease and the interactive effects of these stresses on rice 
plants (Tables 1 and 2), tolerance or resistance to these 
stress factors are genetically independent traits. Thus, we 
can assume that breeding for tolerance against one trait 
would not necessarily compromise the other trait.

Conclusion

Our data suggest that chronic ozone exposure slightly miti-
gated blast severity, while vice versa, no significant effect 
occurred. Moreover, the combined stress treatment did not 
lead to an additive escalation of stress intensity. Regard-
ing the tolerance of different genotypes to the different 
individual or combined stresses, we did not observe any 
systematic synergy or trade off. Therefore, tolerance to one 
of these stresses may not compromise the tolerance against 
the other stress in rice.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11356-​022-​19282-z.

Acknowledgements  We thank Dr. Erich-Christian Oerke (INRES Plant 
Pathology, University of Bonn, Germany) for providing Magnaporthe 
oryzae isolate Li1497 (1328), rice seeds (CO39, Koshihikari), and 
sharing experimental facilities for blast inoculation.

Availability of data and materials  The datasets used and/or analyzed 
during the current study are available from the corresponding author 
on reasonable request.

Author contribution  Conceptualization: Muhammad Shahedul Alam 
and Michael Frei; Methodology: Muhammad Shahedul Alam and 
Michael Frei; Formal analysis and investigation: Muhammad Shahedul 
Alam, Angeline Wanjiku Maina, and Yanru Feng; Writing—original 

draft preparation: Muhammad Shahedul Alam; Writing—review and 
editing: Michael Frei, Lin-Bo Wu, Angeline Wanjiku Maina, and Yanru 
Feng; Funding acquisition: Michael Frei; Resources: Michael Frei; 
Supervision: Michael Frei

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The German Research Foundation supported this work (pro-
ject ID: FR2952/5-1).

Declarations 

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Agathokleous E, Kitao M, Shi C, Masui N, Abu-ElEla S, Hikino K, 
Satoh F, Koike T (2021) Ethylenediurea (EDU) spray effects 
on willows (Salix sachalinensis F. Schmid) grown in ambient 
or ozone-enriched air: implications for renewable biomass pro-
duction. Journal of Forestry Research. https://​doi.​org/​10.​1007/​
s11676-​021-​01400-1

Agathokleous E, Belz RG, Calatayud V, De Marco A, Hoshika Y, Kitao 
M, Saitanis CJ, Sicard P, Paoletti E, Calabrese EJ (2019) Pre-
dicting the effect of ozone on vegetation via linear non-threshold 
(LNT), threshold and hormetic dose-response models. Science 
of The Total Environment 649:61–74. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2018.​08.​264

Ainsworth EA (2008) Rice production in a changing climate: a meta-
analysis of responses to elevated carbon dioxide and elevated 
ozone concentration. Global Change Biology 14(7):1642–1650. 
https://​doi.​org/​10.​1111/j.​1365-​2486.​2008.​01594.x

Ainsworth EA (2017) Understanding and improving global crop 
response to ozone pollution. Plant Journal 90(5):886–897. https://​
doi.​org/​10.​1111/​tpj.​13298

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative 
stress, and signal transduction. Annual Review of Plant Biology 
55:373–399. https://​doi.​org/​10.​1146/​annur​ev.​arpla​nt.​55.​031903.​
141701

Ashkani S, Rafii MY, Shabanimofrad M, Miah G, Sahebi M, Azizi 
P, Tanweer FA, Akhtar MS, Nasehi A (2015) Molecular breed-
ing strategy and challenges towards improvement of blast disease 
resistance in rice crop. Frontiers in Plant Science, (Vol. 6, Issue 
November). https://​doi.​org/​10.​3389/​fpls.​2015.​00886

48904 Environmental Science and Pollution Research (2022) 29:48893–48907

https://doi.org/10.1007/s11356-022-19282-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11676-021-01400-1
https://doi.org/10.1007/s11676-021-01400-1
https://doi.org/10.1016/j.scitotenv.2018.08.264
https://doi.org/10.1016/j.scitotenv.2018.08.264
https://doi.org/10.1111/j.1365-2486.2008.01594.x
https://doi.org/10.1111/tpj.13298
https://doi.org/10.1111/tpj.13298
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.3389/fpls.2015.00886


1 3

Ashrafuzzaman M, Haque Z, Ali B, Mathew B, Yu P, Hochholdinger F, 
de Abreu Neto JB, McGillen MR, Ensikat HJ, Manning WJ, Frei 
M (2018) Ethylenediurea (EDU) mitigates the negative effects of 
ozone in rice: insights into its mode of action. Plant Cell and Envi-
ronment 41(12):2882–2898. https://​doi.​org/​10.​1111/​pce.​13423

Ashrafuzzaman M, Henry R, Frei M (2021) Molecular breeding for 
improving ozone tolerance in rice: recent progress and future per-
spectives. https://​doi.​org/​10.​1002/​97811​19633​174.

Ashrafuzzaman M, Lubna FA, Holtkamp F, Manning WJ, Kraska T, 
Frei M (2017) Diagnosing ozone stress and differential tolerance 
in rice (Oryza sativa L.) with ethylenediurea (EDU). Environ-
mental Pollution 230:339–350. https://​doi.​org/​10.​1016/j.​envpol.​
2017.​06.​055

Atkinson NJ, Urwin PE (2012) The interaction of plant biotic and abi-
otic stresses: from genes to the field. Journal of Experimental 
Botany 63(10):3523–3543. https://​doi.​org/​10.​1093/​jxb/​ers100

Baker NR (2008) Chlorophyll fluorescence: a probe of photosynthesis 
in vivo. Annual Review of Plant Biology 59:89–113. https://​doi.​
org/​10.​1146/​annur​ev.​arpla​nt.​59.​032607.​092759

Begum H, Alam MS, Feng Y, Koua P, Ashrafuzzaman M, Shrestha 
A, Kamruzzaman M, Dadshani S, Ballvora A, Naz AA, Frei M 
(2020) Genetic dissection of bread wheat diversity and identifica-
tion of adaptive loci in response to elevated tropospheric ozone. 
Plant Cell and Environment 43(11):2650–2665. https://​doi.​org/​
10.​1111/​pce.​13864

Boddy L (2016) Pathogens of autotrophs. In The Fungi: Third Edition 
(pp. 245–292). Elsevier Inc. https://​doi.​org/​10.​1016/​B978-0-​12-​
382034-​1.​00008-6

Chakraborty M, Mahmud NU, Muzahid ANM, Rabby SMF, Islam T 
(2020) Oligomycins inhibit Magnaporthe oryzae Triticum and 
suppress wheat blast disease. PLoS ONE 15(8):e0233665. https://​
doi.​org/​10.​1371/​journ​al.​pone.​02336​65

Challagulla V, Bhattarai S, Midmore DJ (2015) In-vitro vs in-vivo 
inoculation: screening for resistance of Australian rice genotypes 
against blast fungus. Rice Science, 22(3):132-137. https://​doi.​org/​
10.​1016/j.​rsci.​2015.​05.​017

Chen X, Jia Y, Wu BM (2019) Evaluation of rice responses to the blast 
fungus Magnaporthe oryzae at different growth stages. Plant Dis-
ease 103:132–136. https://​doi.​org/​10.​1094/​PDIS-​12-​17-​1873-​RE

Chojak-Koźniewska J, Kuźniak E, Zimny J (2018) The effects of com-
bined abiotic and pathogen stress in plants: insights from salinity 
and Pseudomonas syringae pv lachrymans interaction in cucum-
ber. Frontiers in Plant Science 871. https://​doi.​org/​10.​3389/​fpls.​
2018.​01691

Cohen SP, Leac JE (2019) Abiotic and biotic stresses induce a core 
transcriptome response in rice. Scientific Reports 9:6273. https://​
doi.​org/​10.​1038/​s41598-​019-​42731-8

Deng S, Gu Z, Yang N, Li L, Yue X, Que Y, Sun G, Wang Z, Wang J 
(2016) Identification and characterization of the peroxin 1 gene 
MoPEX1 required for infection-related morphogenesis and path-
ogenicity in Magnaporthe oryzae. Scientific Reports 6:36292. 
https://​doi.​org/​10.​1038/​srep3​6292

Devi SJSR, Singh K, Umakant B, Vishalakshi B, Rao KVS, Suneel 
B, Sharma SK, Kadambari GKM, Prasad MS, Senguttvel P, 
Syamaladevi DP, Madhav MS (2020) Identification and charac-
terization of a large effect QTL from Oryza glumaepatula revealed 
Pi68(t) as putative candidate gene for rice blast resistance. Rice 
13:17. https://​doi.​org/​10.​1186/​s12284-​020-​00378-4

Ebitani T, Hayashi N, Omoteno M, Ozaki H, Yano M, Morikawa M, 
Fukuta Y (2011) Characterization of Pi13, a blast resistance gene 
that maps to chromosome 6 in indica rice (Oryza sativa L. variety, 
Kasalath). Breeding Science 61(3):251–259. https://​doi.​org/​10.​
1270/​jsbbs.​61.​251

Emberson LD, Pleijel H, Ainsworth EA, van den Berg M, Ren W, 
Osborne S, Mills G, Pandey D, Dentener F, Büker P, Ewert F, 

Koeble R, van Dingenen R (2018) Ozone effects on crops and 
consideration in crop models. European Journal of Agronomy 
100:19–34. https://​doi.​org/​10.​1016/j.​eja.​2018.​06.​002

Faivre-Rampant O, Geniès L, Piffanelli P, Tharreau D (2013) Trans-
mission of rice blast from seeds to adult plants in a non-systemic 
way. Plant Pathology 62(4):879–887. https://​doi.​org/​10.​1111/​ppa.​
12003

Fernandez J, Orth K (2018) Rise of a cereal killer: the biology of 
Magnaporthe oryzae biotrophic growth. Trends in Microbiology 
26(7):582–597. https://​doi.​org/​10.​1016/j.​tim.​2017.​12.​007

Fiscus EL, Booker FL, Burkey KO (2005) Crop responses to ozone: 
uptake, modes of action, carbon assimilation and partitioning. 
Plant, Cell & Environment 28:997–1011. https://​doi.​org/​10.​
1111/j.​1365-​3040.​2005.​01349.x

Frei M (2015) Breeding of ozone resistant rice: relevance, approaches 
and challenges. In Environmental Pollution 197:144–155. https://​
doi.​org/​10.​1016/j.​envpol.​2014.​12.​011

Frei M, Tanaka JP, Wissuwa M (2008) Genotypic variation in tolerance 
to elevated ozone in rice: dissection of distinct genetic factors 
linked to tolerance mechanisms. Journal of Experimental Botany 
59(13):3741–3752. https://​doi.​org/​10.​1093/​jxb/​ern222

Frei M, Tanaka JP, Chen CP, Wissuwa M (2010) Mechanisms of ozone 
tolerance in rice: characterization of two QTLs affecting leaf 
bronzing by gene expression profiling and biochemical analyses. 
Journal of Experimental Botany 61(5):1405–1417. https://​doi.​org/​
10.​1093/​jxb/​erq007

Gamon JA, Penuelas J, Field CB (1992) A narrow-waveband spectral 
index that tracks diurnal changes in photosynthetic efficiency. 
Remote Sensing of Environment 41(1):35–44. https://​doi.​org/​10.​
1016/​0034-​4257(92)​90059-S

Gitelson AA, Merzlyak MN, Chivkunova OB (2001) Optical proper-
ties and nondestructive estimation of anthocyanin content in plant 
leaves. Photochemistry and Photobiology 74(1):38–45. https://​doi.​
org/​10.​1562/​0031-​8655(2001)​074>​0038:​opane​o<2.​0.​co;2

Hamer JE, Howard RJ, Chumley FG, Valent B (1988) A mechanism 
for surface attachment in spores of a plant pathogenic fungus. 
Science 239(4837):288–290. https://​doi.​org/​10.​1126/​scien​ce.​239.​
4837.​288

Harborne JB (1993) Higher plant–lower plant interactions: phytoalex-
ins and phytotoxins. In : Introduction to Ecological Biochemistry, 
(Fourth Edition), Academic Press, pp 264-297. https://​doi.​org/​10.​
1016/​B978-0-​08-​091858-​7.​50014-0.

Hayasaka H, Takamatsu M, Kuboki Y, Yano M, Matsunaga K, Sasaki 
T (1995) Mapping genes conferring rice blast resistance in rice 
variety Kasalath using RFLP markers. II. Linkage analysis of the 
resistance gene on chromosome 6. Breeding Science, 45 (Suppl. 
2):168.

Heath MC (2000) Hypersensitive response-related death. Plant Molec-
ular Biology 44:321–334. https://​doi.​org/​10.​1023/A:​10265​92509​
060

Hensawang S, Wangwongchai A, Humphries U, Bunsri T (2017) Simu-
lation of severity of rice blast disease in Prachin Buri using plant 
disease epidemiological model: simulation of rice blast disease. 
The 22nd Annual Meeting in Mathematics (AMM 2017), Depart-
ment of Mathematics, Faculty of Science, Chiang Mai University, 
Chiang Mai, Thailand

Hodges D, DeLong J, Forney CF, Prange KR (1999) Improving the 
thiobarbituric acid-reactive-substances assay for estimating lipid 
peroxidation in plant tissues containing anthocyanin and other 
interfering compounds. Planta 207:604–611. https://​doi.​org/​10.​
1007/​s0042​50050​524

Höller S, Meyer A, Frei M (2014) Zinc deficiency differentially affects 
redox homeostasis of rice genotypes contrasting in ascorbate level. 
Journal of Plant Physiology 171(18):1748–1756. https://​doi.​org/​
10.​1016/j.​jplph.​2014.​08.​012

48905Environmental Science and Pollution Research (2022) 29:48893–48907

https://doi.org/10.1111/pce.13423
https://doi.org/10.1002/9781119633174
https://doi.org/10.1016/j.envpol.2017.06.055
https://doi.org/10.1016/j.envpol.2017.06.055
https://doi.org/10.1093/jxb/ers100
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1111/pce.13864
https://doi.org/10.1111/pce.13864
https://doi.org/10.1016/B978-0-12-382034-1.00008-6
https://doi.org/10.1016/B978-0-12-382034-1.00008-6
https://doi.org/10.1371/journal.pone.0233665
https://doi.org/10.1371/journal.pone.0233665
https://doi.org/10.1016/j.rsci.2015.05.017
https://doi.org/10.1016/j.rsci.2015.05.017
https://doi.org/10.1094/PDIS-12-17-1873-RE
https://doi.org/10.3389/fpls.2018.01691
https://doi.org/10.3389/fpls.2018.01691
https://doi.org/10.1038/s41598-019-42731-8
https://doi.org/10.1038/s41598-019-42731-8
https://doi.org/10.1038/srep36292
https://doi.org/10.1186/s12284-020-00378-4
https://doi.org/10.1270/jsbbs.61.251
https://doi.org/10.1270/jsbbs.61.251
https://doi.org/10.1016/j.eja.2018.06.002
https://doi.org/10.1111/ppa.12003
https://doi.org/10.1111/ppa.12003
https://doi.org/10.1016/j.tim.2017.12.007
https://doi.org/10.1111/j.1365-3040.2005.01349.x
https://doi.org/10.1111/j.1365-3040.2005.01349.x
https://doi.org/10.1016/j.envpol.2014.12.011
https://doi.org/10.1016/j.envpol.2014.12.011
https://doi.org/10.1093/jxb/ern222
https://doi.org/10.1093/jxb/erq007
https://doi.org/10.1093/jxb/erq007
https://doi.org/10.1016/0034-4257(92)90059-S
https://doi.org/10.1016/0034-4257(92)90059-S
https://doi.org/10.1562/0031-8655(2001)074>0038:opaneo<2.0.co;2
https://doi.org/10.1562/0031-8655(2001)074>0038:opaneo<2.0.co;2
https://doi.org/10.1126/science.239.4837.288
https://doi.org/10.1126/science.239.4837.288
https://doi.org/10.1016/B978-0-08-091858-7.50014-0
https://doi.org/10.1016/B978-0-08-091858-7.50014-0
https://doi.org/10.1023/A:1026592509060
https://doi.org/10.1023/A:1026592509060
https://doi.org/10.1007/s004250050524
https://doi.org/10.1007/s004250050524
https://doi.org/10.1016/j.jplph.2014.08.012
https://doi.org/10.1016/j.jplph.2014.08.012


1 3

Huang H, Ullah F, Zhou DX, Yi M, Zhao Y (2019). Mechanisms of 
ROS regulation of plant development and stress responses. Fron-
tiers in Plant Science (Vol. 10). https://​doi.​org/​10.​3389/​fpls.​2019.​
00800

Hur JS, Kim JA, Kim M, Koh YJ (2002) Inhibitory effects of atmos-
pheric ozone on Magnaporthe grisea conidia. The Plant Pathology 
Journal 18(1):43–49. https://​doi.​org/​10.​5423/​ppj.​2002.​18.1.​043

Huysmans M, Lema AS, Coll NS, Nowack MK (2017) Dying two 
deaths — programmed cell death regulation in development and 
disease. Current Opinion in Plant Biology, 35:37–44). https://​doi.​
org/​10.​1016/j.​pbi.​2016.​11.​005

Jing L, Dombinov V, Shen S, Wu Y, Yang L, Wang Y, Frei M (2016) 
Physiological and genotype-specific factors associated with grain 
quality changes in rice exposed to high ozone. Environmental Pol-
lution 210:397–408. https://​doi.​org/​10.​1016/j.​envpol.​2016.​01.​023

Kangasjärvi J, Jaspers P, Kollist H (2005) Signalling and cell death 
in ozone-exposed plants. Plant, Cell and Environment 28:1021–
1036. https://​doi.​org/​10.​1111/j.​1365-​3040.​2005.​01325.x

Keen NT, Taylor C (1975) Ozone injury in soybeans isoflavonoid 
accumulation is related to necrosis. Plant Physiology 55:731–733. 
https://​doi.​org/​10.​1104/​pp.​55.4.​731

Khan MR, Khan MW (1999) Effects of intermittent ozone exposures 
on powdery mildew of cucumber. Environmental and Experimen-
tal Botany 42:163–171. https://​doi.​org/​10.​1016/​S0098-​8472(99)​
00029-5

Khush GS, Jena K (2009) Current status and future prospects for 
research on blast resistance in rice (Oryza sativa L.). In: Wang 
GL, Valent B (eds) Advances in genetics, genomics and control 
of rice blast disease. Springer, Dordrecht. https://​doi.​org/​10.​1007/​
978-1-​4020-​9500-9_1

Kihoro J, Bosco NJ, Murage H, Ateka E, Makihara D (2013) Inves-
tigating the impact of rice blast disease on the livelihood of the 
local farmers in Greater Mwea region of Kenya. SpringerPlus 
2(1):1–13. https://​doi.​org/​10.​1186/​2193-​1801-2-​308

Kobayashi A, Hori K, Yamamoto T, Yano M (2018) Koshihikari: a 
premium short-grain rice cultivar – its expansion and breeding in 
Japan. Rice 11(1):15. https://​doi.​org/​10.​1186/​s12284-​018-​0207-4

Li G, Jain R, Chern M, Pham NT, Martin JA, Wei T, Schackwitz WS, 
Lipzen AM, Duong PQ, Jones KC, Jiang L, Ruan D, Bauer D, 
Peng Y, Barry KW, Schmutz J, Ronald PC (2017) The sequences 
of 1504 mutants in the model rice variety kitaake facilitate rapid 
functional genomic studies. The Plant Cell 29(6):1218–1231. 
https://​doi.​org/​10.​1105/​tpc.​17.​00154

Li L, Wang J, Zhang Z, Wang Y, Liu M, Jiang H, Chai R, Mao X, Qiu 
H, Liu F, Sun G (2014) MoPex19, which is essential for mainte-
nance of peroxisomal structure and woronin bodies, is required for 
metabolism and development in the rice blast fungus. PLoS ONE 
9(1). https://​doi.​org/​10.​1371/​journ​al.​pone.​00852​52

Lichtenthaler HK, Miehé JA (1997) Fluorescence imaging as a diag-
nostic tool for plant stress. Trends in Plant Science 2(8):316–320. 
https://​doi.​org/​10.​1016/​S1360-​1385(97)​89954-2

Lichtenthaler HK, Lang M, Sowinska M, Heisel F, Miehé JA (1996) 
Detection of vegetation stress via a new high resolution fluores-
cence imaging system. Journal of Plant Physiology 148(5):599–
612. https://​doi.​org/​10.​1016/​S0176-​1617(96)​80081-2

Liu C, Liu Y, Guo K, Fan D, Li G, Zheng Y, Yu L, Yang R (2011) 
Effect of drought on pigments, osmotic adjustment and anti-
oxidant enzymes in six woody plant species in karst habitats of 
southwestern China. Environmental and Experimental Botany 
71(2):174–183. https://​doi.​org/​10.​1016/j.​envex​pbot.​2010.​11.​012

López López P, Wanders N, Schellekens J, Renzullo LJ, Sutanudjaja 
EH, Bierkens MFP (2016) Improved large-scale hydrological 
modelling through the assimilation of streamflow and down-
scaled satellite soil moisture observations. Hydrology and Earth 
System Sciences 20(7):3059–3076. https://​doi.​org/​10.​5194/​
hess-​20-​3059-​2016

Mahmood F, Khokhar MF, Mahmood Z (2020) Examining the rela-
tionship of tropospheric ozone and climate change on crop pro-
ductivity using the multivariate panel data techniques. Journal 
of Environmental Management 272(111024). https://​doi.​org/​10.​
1016/j.​jenvm​an.​2020.​111024

Mahmood F, Khokhar MF, Mahmood Z (2021) Investigating the tip-
ping point of crop productivity induced by changing climatic vari-
ables. Environmental Science and Pollution Research 28:2923–
2933. https://​doi.​org/​10.​1007/​s11356-​020-​10655-w

Mashaheet AM, Burkey KO, Saitanis CJ, Abdelrhim AS, Rafiullah, 
Marshall DS (2020) Differential ozone responses identified among 
key rust-susceptible wheat genotypes. Agronomy 10:1853. https://​
doi.​org/​10.​3390/​agron​omy10​121853

Meroni M, Rossini M, Guanter L, Alonso L, Rascher U, Colombo R, 
Moreno J (2009) Remote sensing of solar-induced chlorophyll 
fluorescence: review of methods and applications. In Remote 
Sensing of Environment 113(10):2037–2051. https://​doi.​org/​10.​
1016/j.​rse.​2009.​05.​003

Mikkelsen BL, Olsen CE, Lyngkjær MF (2015) Accumulation of sec-
ondary metabolites in healthy and diseased barley, grown under 
future climate levels of CO2, ozone and temperature. Phytochem-
istry 118:162–173. https://​doi.​org/​10.​1016/j.​phyto​chem.​2015.​07.​
007

Mills G, Sharps K, Simpson D, Pleijel H, Frei M, Burkey K, Ember-
son L, Uddling J, Broberg M, Feng Z, Kobayashi K, Agrawal 
M (2018) Closing the global ozone yield gap: quantification 
and cobenefits for multistress tolerance. Global Change Biology 
24(10):4869–4893. https://​doi.​org/​10.​1111/​gcb.​14381

Mittler R, Blumwald E (2010) Genetic engineering for modern agri-
culture: challenges and perspectives. Annual Review of Plant 
Biology 61:443–462. https://​doi.​org/​10.​1146/​annur​ev-​arpla​
nt-​042809-​112116

Norvienyeku J, Li L, Waheed A, Chen X, Bao J, Aliyu SR, Lin L, 
Shabbir A, Batool W, Zhong Z, Zhou J, Lu G, Wang Z (2021) 
Bayogenin 3-O-cellobioside confers non-cultivar-specific defence 
against the rice blast fungus Pyricularia oryzae. Plant Biotech-
nology Journal 19(3):589–601. https://​doi.​org/​10.​1111/​pbi.​13488

Otero N, Rust HW, Butler T (2021) Temperature dependence of tropo-
spheric ozone under NOx reductions over Germany. Atmospheric 
Environment 253:118334. https://​doi.​org/​10.​1016/j.​atmos​env.​
2021.​118334

Park JY, Jin J, Lee YW, Kang S, Lee YH (2009) Rice blast fungus 
(Magnaporthe oryzae) infects arabidopsis via a mechanism dis-
tinct from that required for the infection of rice. Plant Physiology 
149(1):474–486. https://​doi.​org/​10.​1104/​pp.​108.​129536

Pazarlar S, Cetinkaya N, Bor M, Ozdemir F (2017) Ozone triggers 
different defence mechanisms against powdery mildew (Blumeria 
graminis DC. Speer f. sp. tritici) in susceptible and resistant wheat 
genotypes. Functional Plant Biology 44(10):1016–1028. https://​
doi.​org/​10.​1071/​FP170​38

Pennisi E (2010) Armed and dangerous. Science 327(5967):804–805. 
https://​doi.​org/​10.​1126/​scien​ce.​327.​5967.​804

Penuelas J, Baret F, Filella I (1995) Semiempirical indexes to assess 
carotenoids chlorophyll-a ratio from leaf spectral reflectance. Pho-
tosynthetica 31(2):221–230

R Core Team. (2018). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. Available online at https://​www.R-​proje​ct.​org/

Rao MV, Davis KR (1999) Ozone-induced cell death occurs via two 
distinct mechanisms in Arabidopsis: the role of salicylic acid. The 
Plant Journal 17(6):603–614. https://​doi.​org/​10.​1046/j.​1365-​313x.​
1999.​00400.x

Rouse, JW, Hass RH, Schell JA, Deering, DW (1973). Monitoring veg-
etation systems in the great plains with ERTS. Paper presented at 
the Third Earth Resources Technology Satellite- 1 Symposium 1.

48906 Environmental Science and Pollution Research (2022) 29:48893–48907

https://doi.org/10.3389/fpls.2019.00800
https://doi.org/10.3389/fpls.2019.00800
https://doi.org/10.5423/ppj.2002.18.1.043
https://doi.org/10.1016/j.pbi.2016.11.005
https://doi.org/10.1016/j.pbi.2016.11.005
https://doi.org/10.1016/j.envpol.2016.01.023
https://doi.org/10.1111/j.1365-3040.2005.01325.x
https://doi.org/10.1104/pp.55.4.731
https://doi.org/10.1016/S0098-8472(99)00029-5
https://doi.org/10.1016/S0098-8472(99)00029-5
https://doi.org/10.1007/978-1-4020-9500-9_1
https://doi.org/10.1007/978-1-4020-9500-9_1
https://doi.org/10.1186/2193-1801-2-308
https://doi.org/10.1186/s12284-018-0207-4
https://doi.org/10.1105/tpc.17.00154
https://doi.org/10.1371/journal.pone.0085252
https://doi.org/10.1016/S1360-1385(97)89954-2
https://doi.org/10.1016/S0176-1617(96)80081-2
https://doi.org/10.1016/j.envexpbot.2010.11.012
https://doi.org/10.5194/hess-20-3059-2016
https://doi.org/10.5194/hess-20-3059-2016
https://doi.org/10.1016/j.jenvman.2020.111024
https://doi.org/10.1016/j.jenvman.2020.111024
https://doi.org/10.1007/s11356-020-10655-w
https://doi.org/10.3390/agronomy10121853
https://doi.org/10.3390/agronomy10121853
https://doi.org/10.1016/j.rse.2009.05.003
https://doi.org/10.1016/j.rse.2009.05.003
https://doi.org/10.1016/j.phytochem.2015.07.007
https://doi.org/10.1016/j.phytochem.2015.07.007
https://doi.org/10.1111/gcb.14381
https://doi.org/10.1146/annurev-arplant-042809-112116
https://doi.org/10.1146/annurev-arplant-042809-112116
https://doi.org/10.1111/pbi.13488
https://doi.org/10.1016/j.atmosenv.2021.118334
https://doi.org/10.1016/j.atmosenv.2021.118334
https://doi.org/10.1104/pp.108.129536
https://doi.org/10.1071/FP17038
https://doi.org/10.1071/FP17038
https://doi.org/10.1126/science.327.5967.804
https://www.r-project.org/
https://doi.org/10.1046/j.1365-313x.1999.00400.x
https://doi.org/10.1046/j.1365-313x.1999.00400.x


1 3

Sakulkoo W, Osés-ruiz M, Garcia EO, Soanes DM, Littlejohn GR, 
Hacker C, Correia A, Valent B, Talbot NJ (2018) A single fungal 
MAP kinase controls plant cell-to-cell invasion by the rice blast 
fungus. Science 359(6382):1399–1403. https://​doi.​org/​10.​1126/​
scien​ce.​aaq08​92

Sallaud C, Lorieux M, Roumen E, Tharreau D, Berruyer R, Svestasrani 
P, Garsmeur O, Ghesquiere A, Notteghem JL (2003) Identifica-
tion of five new blast resistance genes in the highly blast-resist-
ant rice variety IR64 using a QTL mapping strategy. Theoretical 
and Applied Genetics 106(5):794–803. https://​doi.​org/​10.​1007/​
s00122-​002-​1088-9

Sandermann H (1996) Ozone And Plant Health. Annual review of phy-
topathology 34:347–366. https://​doi.​org/​10.​1146/​annur​ev.​phyto.​
34.1.​347

Sandermann H, Ernst D, Heller W, Langebartels C (1998) Ozone: an 
abiotic elicitor of plant defence reactions. Trends in Plant Science 
3(2):47–50. https://​doi.​org/​10.​1016/​S1360-​1385(97)​01162-X

Schubert R, Fischer R, Hain R, Schreier PH, Bahnweg G, Ernst D, 
Sandermann H (1997) An ozone-responsive region of the grape-
vine resveratrol synthase promoter differs from the basal patho-
gen-responsive sequence. Plant Molecular Biology 34:417–426. 
https://​doi.​org/​10.​1023/a:​10058​30714​852

Sharma YK, Leont J, Raskint I, Davis KR (1996) Ozone-induced 
responses in Arabidopsis thaliana: the role of salicylic acid in the 
accumulation of defense-related transcripts and induced resist-
ance. PNAS 93(10):5099–5104. https://​doi.​org/​10.​1073/​pnas.​93.​
10.​5099

Sims DA, Gamon JA (2002) Relationships between leaf pigment con-
tent and spectral reflectance across a wide range of species, leaf 
structures and developmental stages. Remote Sensing of Environ-
ment 81(2–3):337–354. https://​doi.​org/​10.​1016/​S0034-​4257(02)​
00010-X

Singh J, Gupta SK, Devanna BN, Singh S, Upadhyay A, Sharma TR 
(2020) Blast resistance gene Pi54 over-expressed in rice to under-
stand its cellular and sub-cellular localization and response to 
different pathogens. Scientific Reports 10(1):5243. https://​doi.​org/​
10.​1038/​s41598-​020-​59027-x

Skarby L, Pell EJ (1979) Concentrations of coumestrol and 4', 7 dihy-
droxyflavone in four alfalfa cultivars after exposure to ozone. Jour-
nal of Environmental Quality 8:285–286. https://​doi.​org/​10.​2134/​
jeq19​79.​00472​42500​08000​30004x

Takehisa H, Yasuda M, Fukuta Y, Kobayashi N, Hayashi N, Nakashita 
H, Abe T, Sato T (2009) Genetic analysis of resistance genes in an 
Indica-type rice (Oryza sativa L.), Kasalath, using DNA markers. 
Breeding Science 59:253–260

Talbot NJ (2003) On the trail of a cereal killer: exploring the biology 
of Magnaporthe grisea. Annual Review of Microbiology 57:177–
202. https://​doi.​org/​10.​1146/​annur​ev.​micro.​57.​030502.​090957

Tarasick D, Galbally IE, Cooper OR, Schultz MG et al (2019) Tropo-
spheric ozone assessment report: tropospheric ozone from 1877 
to 2016, observed levels, trends and uncertainties. Elementa : 
Science of the Anthropocene 7:39. https://​doi.​org/​10.​1525/​eleme​
nta.​376

Telebanco-Yanoria MJ, Koide Y, Fukuta Y, Imbe T, Tsunematsu H, 
Kato H, Ebron LA, Nguyen TMN, Kobayashi N (2011) A set of 
near-isogenic lines of Indica-type rice variety CO 39 as differen-
tial varieties for blast resistance. Molecular Breeding 27(3):357–
373. https://​doi.​org/​10.​1007/​s11032-​010-​9437-x

Tiedemann AV (1992) Ozone effects on fungal leaf diseases of wheat 
in relation to epidemiology II. Biotrophic Pathogens. Journal of 
phytopathology 134:187–197

Torres MA, Jones JDG, Dangl JL (2006) Reactive oxygen species sign-
aling in response to pathogens. Plant Physiology 141(2):373–378. 
https://​doi.​org/​10.​1104/​pp.​106.​079467

Ueda Y, Frimpong F, Qi Y, Matthus E, Wu L, Höller S, Kraska T, Frei 
M (2015a) Genetic dissection of ozone tolerance in rice (Oryza 
sativa L.) by a genome-wide association study. Journal of Experi-
mental Botany 66(1):293–306. https://​doi.​org/​10.​1093/​jxb/​eru419

Ueda Y, Siddique S, Frei M (2015b) A novel gene, ozone-responsive 
apoplastic protein1, enhances cell death in ozone stress in rice. 
Plant Physiology 169(1):873–889. https://​doi.​org/​10.​1104/​pp.​15.​
00956

Vahisalu T, Puzõrjova I, Brosché M, Valk E, Lepiku M, Moldau H, 
Pechter P, Wang YS, Lindgren O, Salojärvi J, Loog M, Kangas-
järvi J, Kollist H (2010) Ozone-triggered rapid stomatal response 
involves the production of reactive oxygen species, and is con-
trolled by SLAC1 and OST1. Plant Journal 62(3):442–453. https://​
doi.​org/​10.​1111/j.​1365-​313X.​2010.​04159.x

van Dingenen R, Dentener FJ, Raes F, Krol MC, Emberson L, Cofala 
J (2009) The global impact of ozone on agricultural crop yields 
under current and future air quality legislation. Atmospheric Envi-
ronment 43(3):604–618. https://​doi.​org/​10.​1016/j.​atmos​env.​2008.​
10.​033

Violini G (1995) Ozone and plant pathogens: an overview. Rivista di 
Patologia Vegetale 5(3):113–130

Wang X, Lee S, Wang J, Ma J, Bianco T, Jia Y (2014) Current advances 
on genetic resistance to rice blast disease. In Rice - Germplasm, 
Genetics and Improvement. InTech. https://​doi.​org/​10.​5772/​56824

Wilson RA, Talbot NJ (2009) Under pressure: investigating the biol-
ogy of plant infection by Magnaporthe oryzae. Nature Reviews 
Microbiology 7(3):185–195. https://​doi.​org/​10.​1038/​nrmic​ro2032

Wukasch RT, Hofstra G (1977) Ozone and Botrytis interactions in 
onion-leaf dieback: open-top chamber studies. Phytopathology 
67:1080–1084. https://​doi.​org/​10.​1094/​Phyto-​67-​1080

Xiao N, Wu Y, Pan C, Yu L, Chen Y, Liu G, Li Y, Zhang X, Wang Z, 
Dai Z, Liang C, Li A (2017) Improving of rice blast resistances in 
Japonica by pyramiding major R genes. Frontiers in Plant Science 
7:1918. https://​doi.​org/​10.​3389/​fpls.​2016.​01918

Yalpani N, Enyedi AJ, Leon J, Raskin I (1994) Ultraviolet light and 
ozone stimulate accumulation of salicylic acid, pathogenesis-
related proteins and virus resistance in tobacco. Planta 193:372–
376. https://​doi.​org/​10.​1007/​BF002​01815

Yang C, Li W, Cao J, Meng F, Yu Y, Huang J, Jiang L, Liu M, Zhang Z, 
Chen X, Miyamoto K, Yamane H, Zhang J, Chen S, Liu J (2017) 
Activation of ethylene signaling pathways enhances disease resist-
ance by regulating ROS and phytoalexin production in rice. Plant 
Journal 89(2):338–353. https://​doi.​org/​10.​1111/​tpj.​13388

Yang G, Liu Y, Li X (2020) Spatiotemporal distribution of ground-
level ozone in China at a city level. Scientific Reports 10(1):7229. 
https://​doi.​org/​10.​1038/​s41598-​020-​64111-3

Yoshida S, Forno DA, Cock JH, Gomez KA (1976). Laboratory manual 
for physiological studies of rice. Manila, Philippines: International 
Rice Research Institute.

Zhang H, Wu Z, Wang C, Li Y, Xu JR (2014) Germination and infec-
tivity of microconidia in the rice blast fungus Magnaporthe ory-
zae. Nature Communications 5:4518. https://​doi.​org/​10.​1038/​
ncomm​s5518

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

48907Environmental Science and Pollution Research (2022) 29:48893–48907

https://doi.org/10.1126/science.aaq0892
https://doi.org/10.1126/science.aaq0892
https://doi.org/10.1007/s00122-002-1088-9
https://doi.org/10.1007/s00122-002-1088-9
https://doi.org/10.1146/annurev.phyto.34.1.347
https://doi.org/10.1146/annurev.phyto.34.1.347
https://doi.org/10.1016/S1360-1385(97)01162-X
https://doi.org/10.1023/a:1005830714852
https://doi.org/10.1073/pnas.93.10.5099
https://doi.org/10.1073/pnas.93.10.5099
https://doi.org/10.1016/S0034-4257(02)00010-X
https://doi.org/10.1016/S0034-4257(02)00010-X
https://doi.org/10.1038/s41598-020-59027-x
https://doi.org/10.1038/s41598-020-59027-x
https://doi.org/10.2134/jeq1979.00472425000800030004x
https://doi.org/10.2134/jeq1979.00472425000800030004x
https://doi.org/10.1146/annurev.micro.57.030502.090957
https://doi.org/10.1525/elementa.376
https://doi.org/10.1525/elementa.376
https://doi.org/10.1007/s11032-010-9437-x
https://doi.org/10.1104/pp.106.079467
https://doi.org/10.1093/jxb/eru419
https://doi.org/10.1104/pp.15.00956
https://doi.org/10.1104/pp.15.00956
https://doi.org/10.1111/j.1365-313X.2010.04159.x
https://doi.org/10.1111/j.1365-313X.2010.04159.x
https://doi.org/10.1016/j.atmosenv.2008.10.033
https://doi.org/10.1016/j.atmosenv.2008.10.033
https://doi.org/10.5772/56824
https://doi.org/10.1038/nrmicro2032
https://doi.org/10.1094/Phyto-67-1080
https://doi.org/10.3389/fpls.2016.01918
https://doi.org/10.1007/BF00201815
https://doi.org/10.1111/tpj.13388
https://doi.org/10.1038/s41598-020-64111-3
https://doi.org/10.1038/ncomms5518
https://doi.org/10.1038/ncomms5518

	Interactive effects of tropospheric ozone and blast disease (Magnaporthe oryzae) on different rice genotypes
	Abstract
	Introduction
	Materials and methods
	Plant materials and growth conditions
	Growth of fungal pathogen, inoculum preparation, and inoculation of rice plants
	Ozone treatment
	Assessment of leaf blast severity
	Evaluation of ozone-induced leaf symptoms
	Spectral reflectance and stomatal conductance
	Biomass and yield
	Lipid peroxidation analysis
	Statistical analysis

	Results
	Differential visual symptoms in response to ozone and blast inoculation
	Spectral reflectance indices
	Physiological characteristics
	Yield components
	Correlations between traits

	Discussion
	Interactions between ozone and blast stress
	Contrasting genotypic response to blast disease and ozone

	Conclusion
	Acknowledgements 
	References


