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Abstract: Increasing ambient ozone (O3) concentrations and resurgent rust diseases are two
concomitant limiting factors to wheat production worldwide. Breeding resilient wheat cultivars
bearing rust resistance and O3 tolerance while maintaining high yield is critical for global food
security. This study aims at identifying ozone tolerance among key rust-susceptible wheat genotypes
[Rust near-universal susceptible genotypes (RnUS)], as a first step towards achieving this goal.
Tested RnUS included seven bread wheat genotypes (Chinese Spring, Line E, Little Club, LMPG 6,
McNair 701, Morocco and Thatcher), and one durum wheat line (Rusty). Plants were treated with five
O3 concentrations (CF, 50, 70, 90, and 110 ppb), in two O3 exposure systems [continuous stirred tank
reactors (CSTR) and outdoor-plant environment chambers (OPEC)], at 21–23 Zadoks decimal growth
stage. Visible injury and biomass accumulation rate were used to assess O3 responses. Visible injury
data showed consistent order of genotype sensitivity (Thatcher, LMPG 6 > McNair 701, Rusty > Line E,
Morocco, Little Club > Chinese Spring). Additionally, leaves at different orders showed differential
O3 responses. Biomass accumulation under O3 stress showed similar results for the bread wheat
genotypes. However, the durum wheat line “Rusty” had the most O3-sensitive biomass production,
providing a contrasting O3 response to the tolerance reported in durum wheat. Chinese Spring was
the most tolerant genotype based on both parameters and could be used as a source for O3 tolerance,
while sensitive genotypes could be used as sensitive parents in mapping O3 tolerance in bread wheat.
The suitability of visible symptoms and biomass responses in high-throughput screening of wheat for
O3 tolerance was discussed. The results presented in this research could assist in developing future
approaches to accelerate breeding wheat for O3 tolerance using existing breeding materials.

Keywords: global food security; resilient wheat; relative growth rate; ozone injury

1. Introduction

Increasing ambient ozone (O3) concentrations and resurgent rust diseases are two concomitant
limiting factors to wheat production worldwide [1,2]. Breeding resilient wheat cultivars bearing
O3 tolerance and rust resistance while maintaining high yield is critical for global food security.
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Rust near-universal susceptible genotypes (RnUS) are a common set of test materials used by breeders
to assist in the characterization of new rust resistance genes and their introduction into breeding
programs during the development of new rust resistant varieties [3–6]. Because of their widespread
use in breeding programs, the identification of differential O3 responses among RnUS wheat genotypes
is an important step towards achieving this goal.

O3 is the most phytotoxic air pollutant that causes a continuum of symptomatic and sub-symptomatic
responses [7]. This greenhouse gas is formed in ambient air by photochemical reactions between
nitrogen oxides (NOx) and non-methane volatile organic compounds [8]. It exerts a high oxidizing
power on plants cellular components, such as cuticle, cell walls, and cell membranes [9]. After diffusing
into plant leaves, through stomata, O3 dissolves in the apoplastic fluid [10], generating primary
and secondary bursts of reactive oxygen species (ROS) [11,12]. O3-induced ROS alter apoplastic
and symplastic interfaces, causing structural, biochemical, and physiological changes, known as
sub-symptomatic O3 responses. Under prolonged and/or high O3 levels, sub-symptomatic O3

responses lead to the development of O3 visible symptoms, reduced biomass, and seed yields [13].
Wheat is among the most O3-sensitive crops, at all growth stages [14]. O3 effects on wheat plants

include alteration in antioxidant capacity [15], altered stomatal conductance and gas exchange [16–18],
increased membrane damage and electrolyte leakage [19], reduced photosynthesis [20–22]. O3 also
causes chlorophyll degradation, chlorotic and/or necrotic visible symptoms, and hastens leaf
senescence [23–26]. All these effects of O3 lead to an overall reduction of wheat biomass, grain yield,
and protein content [14,17,18,25,27–30]. Currently, more than 85 million tons of wheat are estimated to
be lost due to O3 stress [31–33].

Although O3 tolerance of wheat species and varieties has been investigated [31,32,34–37], breeding
studies for O3 tolerance have not been reported. This is due to the lack of reliable screening and
the lack of information about the heritability of the O3 tolerance trait and its potential contribution
to genetic gain [38]. Traditional field screening under natural O3 stress, as part of selection for
other traits, is not a suitable selection procedure for breeding O3-tolerant wheat varieties [39,40].
Elevated ambient O3 is a diverse problem, both spatially and temporally. These variations in O3 levels
do not provide the consistent O3 stress necessary to make progress [40]. The continuous stirred tank
reactors (CSTRs) [41,42] and outdoor-plant environment chambers (OPECs) [43] are two systems for
providing consistent differential levels of O3 stress. The identification of molecular markers associated
with O3 tolerance in wheat is a key step for breeding programs [44,45]. These markers could boost
breeding efforts via high throughput phenotyping and marker-assisted selection.

The global spread of rust diseases in areas where ambient O3 occurs at significantly high levels
suggests possible interactions between the two factors, and the potential and need for breeding wheat
for rust resistance and O3 tolerance simultaneously. Wheat rusts are serious foliar diseases of wheat,
caused by pathogenic fungi (stem rust (Sr) caused by Puccinia graminis f. sp. tritici; leaf rust (Lr)
caused by Puccinia triticina Eriks.; stripe rust (Yr) caused by Puccinia striiformis f. sp. tritici) [46].
These are biotrophic pathogens that require living host tissue for growth, resulting in significant yield
reductions [1]. Rust pathogens are one of the most rapidly evolving pathogen groups. They have large
population sizes, long-distance air-borne spore dispersal, and both sexual and asexual reproduction [47].
These characteristics enable rust pathogens to have continental and global spread of complex and
rapidly evolving populations, usually consisting of multiple races, and consequently overcome
resistance genes in the host [48]. This has resulted in global breeding programs for rust resistance,
which could serve as a surrogate for breeding for O3 tolerance when differential O3 responses are
identified among key wheat breeding material. Additionally, the interactions of rust populations
and O3-stressed wheat plants are not fully understood and require the identification of suitable host
material with identified O3 responses.

The rust near-universally susceptible wheat genotypes (RnUS), commonly referred to as “Rust universal
susceptible panel”, allow for unimpeded infection with nearly all rust races [6]. Thus, RnUS are used
globally to detect rust infection in nature, and to maintain and increase rust spores under controlled
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conditions, without selecting against races. Additionally, RnUS are commonly used to develop biparental
mapping populations segregating for rust resistance [5,6,49]. By phenotyping rust resistance and
genotyping of these biparental mapping populations, wheat breeders identify and characterize rust
resistance genes and the associated molecular markers to be used in marker-assisted selection. The same
plant materials and procedures could be used simultaneously for O3 tolerance, on a global scale;
however, no information is available on the RnUS response to O3 stress.

The objectives of this study were to assess the O3 responses of eight RnUS based on canopy visible
injury responses, as well as growth rates, and the relationship between the two types of responses and
their suitability for rapid and reliable screening for O3 tolerance.

2. Materials and Methods

2.1. Exposure Systems

Two O3 exposure experiments were conducted in this study, using two controlled O3 exposure
systems that are considered suitable for delivering the consistent, relevant, and differential O3 treatments
needed to identify O3 responses of wheat entries. In each of the systems, O3 was generated by a TG-20
Ozone Generator (Ozone Solutions, Hull, IA, USA), and the O3 concentrations were monitored by a
Model 49C Ozone Analyzer (Thermo Environmental Instruments, Franklin, MA, USA).

2.1.1. Continuous Stirred Tank Reactors (CSTRs)

The first experiment was conducted in cylindrical exposure chambers, known as continuous
stirred tank reactors (CSTRs) covered with Teflon film, operating inside a greenhouse provided with
activated charcoal-filtered air (CF). Chambers had a single-pass air ventilation system, designed for
rapid mixing of gases [41,42]. CF air mixed with steady levels of O3 entered from the top of the
chamber and was continuously stirred with a fan positioned the chamber ceiling. A negative pressure
blower system removed the air from the bottom of the chamber, after passing through the plant canopy.
Relative humidity was monitored and controlled by adding water vapor under pressure to the air
as it entered the chamber. Temperatures were monitored and controlled in the entire greenhouse.
A supplemental light source was located over the chamber to compensate for the greenhouse and
chamber shading effects.

2.1.2. Outdoor-Plant Environment Chambers (OPECs)

For the second experiment, outdoor-plant environment chambers (OPECs) [43], covered with
Teflon and designed for closed air circulation were used. Air was pumped through an inlet duct in the
one side of each chamber, where it was mixed with moisture released from pressure sprinklers. The air
was directed upward to avoid exerting pressure on the plants from the side, and to allow more air
mixing at the top of the chamber. The air was recycled through the outlet duct on the opposite side
of the chamber. The air entering the chambers was adjusted to the set temperature and then passed
through an activated charcoal filter to remove ambient O3. The control chambers were provided with
that ozone-free air. For the O3-exposure champers, the filtered air was enriched with O3, the level of
which was electronically monitored and controlled.

2.2. Plant Materials

In the CSTR study, seven genotypes were tested in our RnUS. The genotypes and their USDA-National
Plant Germplasm System accession number or references were “Chinese Spring” [50], “Line E” [51],
“Little Club” (CItr 4066), “LMPG 6” [52], “McNair 701” [53], “Morocco” (PI 431591), and “Rusty” (PI 639869).
Seeds of the seven genotypes were obtained from the USDA Cereal Disease Lab in Minneapolis, MN,
USA. An additional seed source for Chinese Spring was obtained from the USDA-ARS National
Small Grains Collection in Aberdeen, ID, USA. Because the two sources of Chinese Spring resulted in
near-identical responses in the two experiments, the data of the two sources were combined prior to
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the statistical analysis. In the second experiment conducted in OPEC exposure system, the cultivar
“Thatcher” (CItr 10003) was additionally included as the eighth genotype. Thatcher was not tested
is the CSTR as it was not available at the time of the experiment. The list of tested genotypes could
have been extended to include additional genotypes, such as Avocet, however, this genotype was not
available at the time of the study.

For both exposure systems, seeds were planted in 170 mL plastic cone-shaped containers (20.7 cm length,
4 and 2.5 cm diameter at the top and the bottom, respectively) filled with Fafard #2 Pro Mix (Fafard, Anderson,
SC, USA). Plants were watered from the bottom by placing containers in a 3–5 cm water basin.
Water-soluble fertilizer (20-10-20 NPK) was applied to the water basin once a week. Seedlings were
grown in CF air (O3 concentration <10 ppb) in the greenhouse for 30 days after planting. Plants at
Zadoks decimal growth stage of 21–23 [54], with the main stem and two tillers, were selected and the
fourth leaf on the main stem was tagged before moving the plants to CSTRs or OPECs.

2.3. Ozone Treatment and Experimental Design

After being moved to the exposure systems, plants were acclimated for two days in CF air before
treated with O3. In the CSTRs, a steady-state exposure regime of five O3 treatments (CF, 50, 70, 90,
and 110 ppb) were applied 7 h/day for 5 days at 25 ◦C and 60% RH, according to the scheme shown in
(Figure 1). The actual achieved 7-h treatment averages were 5, 49, 70, 92, and 107 ppb, respectively.
The experimental design involved 15 chambers in three blocks. Each treatment was randomly assigned
to one chamber per block. One plant per genotype per chamber was treated. O3 treatments were
selected to resemble pre-historic (CF), near-ambient (50 ppb), high 12 h daytime-average (70 ppb),
and high hourly-average (90 ppb) and acute instantaneous peaks (110 ppb) observed at a typical sub-urban
location in Raleigh NC, USA, during wheat active growing season (March–May), where the 12 h average
of the three months over eight years (2006–2008, 2010–2011, and 2013–2015) was 43.82 ppb [55].
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Figure 1. Steady-state O3 treatment regime targeted in continuous stirred tank reactors (CSTRs).
The actual achieved treatments were 5, 49, 70, 92, and 107 ppb, respectively.

In the OPECs, plants were exposed for 14 days to one of four O3 treatments (CF, 50, 70, 90 ppb),
using a predefined diurnal O3 profile of 12 h average of 24 h diurnal profile, at 25/16 ◦C day/night and
50% RH, as shown in (Figure 2) The actual achieved 12-h treatment averages were 5, 46, 65, and 84 ppb,
respectively. The experimental design included eight OPECs, divided into two blocks, four chambers
each. Treatments were randomly assigned to one OPEC per block. Two plants per genotype were
randomized to each OPEC. The exposure endpoint was determined when O3 symptoms on the leaves
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to be scored of sensitive genotypes were approaching 100% under the highest O3 treatment (i.e., 110 ppb
for CSTRs, and 90 ppb for OPECs).
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Figure 2. Smooth predefined diurnal profiles targeted as O3 exposure regime in outdoor plant
environment chambers (OPECs). The actual achieved treatments were 5, 46, 65, and 84 ppb, respectively.

2.4. Effects of O3 on Growth Rate

Biomass data collection was not attempted in the CSTR experiment because of the short duration
of exposure (5 days). In the OPECs, shoot dry weights were obtained before O3 treatment (DW1) for
three plants per genotype and after treatments (DW2) for all treated plants, by drying samples in paper
bags to constant weight under forced air (55 ◦C). The following dry matter parameters were calculated:

• Dry Matter Accumulation Rate (DMAR)

DMAR (g/day) =
DW2−DW1

t2− t1
whereas t2 − t1 is the total exposure period of 14 days.

• Relative Growth Rate (RGR)

RGR (%) =
Ln(DW2) − Ln(DW1)

t2− t1
whereas t2 − t1 is the total exposure period of 14 days.

• Percent Relative Growth Rate (PRGR)

PRGR (%) =
RGR under Ozone treatment

Average RGR under CF
× 100

2.4.1. Initial Dry Weight Uniformity and Its Impact on DMAR

Data of initial dry weight (DW1) were checked for inherited differences in biomass between
genotypes, then, the regression lines of the DMAR vs. DW1 was plotted to test the hypothesis that initial
dry weight might differentially affect the dry matter accumulation rate under different O3 treatments.
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2.4.2. Effects of O3 Stress on PRGR

The effect of O3 treatments on the percent relative growth rate (PRGR) was investigated for the
tested RnUS wheat genotypes. PRGR values of each genotype were averaged per plot and plotted
against the actual treatment achieved.

2.5. Ozone Injury Assessment

Two days after the end of exposure, plants in the CSTR experiment were visually assessed for
the percentage of O3 injury on the fourth leaf of the main stem. In the OPECs, all leaves on the main
stem of plants were evaluated at the first day after exposure. However, only third, fourth and fifth
leaves were considered for statistical analysis, as the first and second leaves showed some evidence of
senescence in all treatments, including the CF control. Visual O3 injury scores were estimated under
constant light conditions according to a 0–100% scale that was devised based on the percent of the leaf
area exhibiting chlorosis and necrosis. This scoring guide was established by scanning detached leaves
on a flatbed scanner, and analyzed using Assess 2.2, the APS image analysis software (APS, Saint Paul,
MN, USA), as described in [26].

2.6. Relationship between O3 Visible Injury and Relative Growth Rate Responses

The relationships between PRGR and visible O3 injury were investigated for the seven bread
wheat varieties combined, and each of the eight tested genotypes individually, by plotting PRGR
against visible injury scores obtained from each plant. Because the CF plants were asymptomatic,
their data were excluded for this parameter.

2.7. Statistical Analysis

Glimmix procedure in SAS 9.4 (SAS Inc., Cary, NC, USA) used to analyze the data of the two
experiments. CSTRs data were analyzed as a split-plot design, with block random effect. O3 treatment
was placed in the main plot and the genotype in the sub-plot. OPEC data were analyzed as a
split-split-plot design with block random effect and sampling, as O3 treatments were randomly
assigned to main plot, with genotypes in the sub-plot and leaf-order in the sub-sub-plot. For both
experiments, averages were separated according to Tukey-Kramer’s adjustment for multiple comparisons
at α = 0.05.

3. Results

3.1. Ozone Injury

All tested genotypes showed the typical O3 symptoms, starting at the leaf blade tips of the
older leaves, in the lower canopy, that expanded towards the younger tissue at the base of the leaf
blade. Lower injury levels are mainly flecking. Highly injured leaves were mainly chlorotic at 50 ppb,
whereas leaf necrosis became more dominant with the increase in O3 concentration (Figure A1).
The magnitude of symptoms significantly varied among tested genotypes (genotype main effect),
with significant first-order interactions in each of the two experiments, except for O3 interaction
with leaf-order in OPECs. In addition, there was a significant second-order interaction (among O3,
genotype and leaf-order) in the OPEC experiment.

3.1.1. Main Effects of Tested O3 Treatments on O3 Injury

To investigate the suitability of the tested O3 levels, the O3 injury of all RnUS wheat genotypes
were averaged and compared within each experiment (Figure 3). The average O3 injury varied
significantly among O3 levels within each experiment. However, in CSTRs, there were no significant
difference between the 90 and 110 ppb treatments. Therefore, the highest O3 level was not tested in the
OPEC experiment.
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Figure 3. The overall average (±SE) of ozone injury of eight rust near-universal susceptible (RnUS) wheat
genotypes, under different O3 levels, for different exposure periods, in two different systems: continuous
stirred tank reactors (CSTRs) and outdoor plant environment chambers (OPECs). Means within each
exposure system were statistically separated using Tukey-Kramer adjustment for multiple comparisons.
Means marked with the same letter are not significantly different at α = 0.05.

3.1.2. Genotype Main Effects and Overall Ranking of the Genotypes According to Their O3
Injury Responses

According to the average O3 injury in each experiment, the RnUS wheat genotypes showed a
consistent overall sensitivity ranking in the two experiments. Under short-term exposure in CSTRs,
the bread wheat genotype Chinese Spring was found to be O3-tolerant, whereas LMPG 6 was considered
O3 sensitive, as shown in (Figure 4). The other genotypes had moderate O3 injury, compared to the
sensitive and tolerant genotypes. Similarly, the extended exposure in the second OPEC experiment
resulted in identical genotype ranking, but with more refined separation among the tested genotypes.
Thatcher was found to be the most sensitive RnUS genotype in OPECs, as shown in (Figure 5).
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Figure 4. The overall average (±SE) O3 injury on the fourth leaf of rust near-universal susceptible
genotypes, after exposure to four different O3 levels (50, 70, 90, 110 ppb), for 5 days (7 h/day), at 25 ◦C
and 60% RH, in continuous stirred tank reactors (CSTRs). Injury were visually estimated two days
after the end of exposure, under constant light conditions according to a 0–100% scale. Means were
statistically separated using Tukey-Kramer adjustment for multiple comparisons. Means marked with
the same letter are not significantly different at α = 0.05.
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Figure 5. The overall average O3 injury (on the third–fifth leaf) of rust near-universal susceptible
genotypes, after exposure to three different O3 levels (50, 70, 90 ppb) for 14 days (12 h/day), at 25 ◦C
and 50% RH, in OPECs. Injury was visually estimated, under constant light conditions according to
a 0–100% scale. Values are means (±SE) statistically separated using Tukey-Kramer adjustment for
multiple comparisons. Means marked with the same letter are not significantly different at α = 0.05.

3.1.3. Interaction between O3 Level and Genotype

Interaction of O3 Level and Genotype on O3 Injury in CSTRs

Elevated O3 injury data in CSTRs showed a significant interaction between genotypes and O3

treatments. At the O3 exposure levels of 50 ppb, there were no significant differences in visual injury
between the genotypes, as shown in (Figure 6). However, when the genotypes were compared at 70 ppb
of O3, LMPG 6 showed significantly greater injury than the other tested genotypes. Chinese Spring
and Little Club had significantly less O3 injury than LMPG 6 at 90 ppb. At the highest exposure
level of 110 ppb of O3, Chinese Spring showed the least amount of O3 injury. In comparing the
O3 concentrations within each genotype, Chinese Spring showed no significant difference in foliar
injury from 50 ppb (1%) to 110 ppb (21%). LMPG 6 was the only genotype that had significantly
greater injury at 70 ppb compared to 50 ppb, with no significant differences among the three greatest
concentrations. McNair-701 and Little Club showed a gradient in O3 responses, whereas Morocco,
Line E, Rusty showed differences between the two lowest and the two greatest concentration, as shown
in (Figure 6).
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Figure 6. Effect of four different O3 levels (50, 70, 90, and 110 ppb) on O3 injury on the fourth leaf
of rust near-universal susceptible genotypes, exposed for 5 days (7 h/day), at 25 ◦C and 60% RH,
in CSTRs. Injury were visually estimated, under constant light conditions according to a 0–100% scale.
Values are means (±SE) statistically separated using Tukey-Kramer adjustment for multiple comparisons.
Means marked with the same letter are not significantly different at α = 0.05.
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Interaction of O3 Level and Genotype on O3 Injury in OPECs

In the OPECs, genotypes were exposed at four O3 concentrations, CF, 50, 70, and 90 ppb. At an
exposure of 50 ppb, Thatcher and LMPG 6 had significantly greater O3 injury than the other genotypes
(Figure 7). At 70 ppb, these two sensitive genotypes had significantly more O3 injury than Chinese Spring
(14%) and Little Club (34%), as the other genotypes showed intermediate responses. When exposed
to 90 ppb O3, only Chinese Spring had significantly less O3 injury than Rusty, McNair 701, LMPG 6,
and Thatcher, while Little Club, Morocco, and Line-E had intermediate injury levels.
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Figure 7. Average (±SE) O3 injury (on the third–fifth leaf) of rust near-universal susceptible genotypes,
at three different O3 levels, exposed for 14 days (12 h/day), at 25 ◦C and 50% RH, in OPECs. Injury was
visually estimated, under constant light conditions according to a 0–100% scale. Mean were statistically
separated using Tukey-Kramer adjustment for multiple comparisons. Means marked with the same
letter are not significantly different at α = 0.05.

When comparing concentrations effects within genotypes in OPECs, all tested genotypes, except for
Thatcher, showed statistically significant greater percentages of O3 injury at 90 ppb compared to 70 ppb.
However, when comparing O3 injury at 70 ppb to 50 ppb, genotypes can be placed into one of three
categories: (1) sensitive genotypes (i.e., Thatcher and LMPG 6) showed relatively high O3 injury at
both concentrations that were not statistically different from one another, due to high injury levels
at 50 ppb; (2) genotypes of intermediate sensitivity (McNair 701, Rusty, Line E) showed significant
differences among three concentrations, as O3 injury at 50 ppb were significantly less than 70 ppb;
and (3) tolerant genotypes (Morocco, Little Club, and Chinese Spring) that had relatively low injuries
at both 50 and 70 ppb that were not significantly different from one another, but were significantly
different from injury exhibited after exposure to 90 ppb.

3.1.4. Interaction of Leaf-Order and O3 Level on O3 Injury

Interaction of Leaf-Order and O3 Level on O3 Visible Injury in OPECs

There was a significant interaction between the leaf-order and O3 level factors in OPECs
(p-value < 0.0001). The magnitude of O3 injury on the third and fourth leaf had increased with
the increase in O3 level Figure 8). The 5th leaf showed significant increase in O3 injury only at 90 ppb.
At 50 ppb, the third leaf showed more injury than the fourth and fifth leaves, while at 70 ppb, all three
leaves were significantly different from each other. The fifth leaf showed significantly less symptoms
than the lower leaves at 90 ppb.
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Figure 8. Interplay of leaf-order and O3 treatment on average O3 injury (±SE) on the third–fifth leaf of
rust near-universal susceptible genotypes, exposed for 14 days (12 h/day), at 25 ◦C and 50% RH, in OPECs.
Injury was visually estimated, under constant light conditions on a 0–100% scale. Values are means
(±SE) statistically separated using Tukey-Kramer adjustment for multiple comparisons. Means marked
with the same letter are not significantly different at α = 0.05.

3.1.5. Interaction of Leaf-Order and Genotype on O3 Injury in OPECs

There was no significant interaction between the leaf-order and genotype factors in OPECs
(p-value = 0.4059). Older leaves of all genotypes were more sensitive than younger ones (Figure 9).
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Figure 9. Interplay of leaf-order (third–fifth leaf) and genotype on average O3 injury (±SE) of rust
near-universal susceptible genotypes, exposed to O3 (50, 70, 90 ppb) for 14 days (12 h/day), at 25 ◦C and
50% RH, in OPECs. Injury was visually estimated, under constant light conditions on a 0–100% scale.
Values are means (±SE) statistically separated using Tukey-Kramer adjustment for multiple comparisons.
Means marked with the same letter are not significantly different at α = 0.05.
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3.1.6. Interaction of Leaf-Order, O3 Levels and Genotype (2nd-Order Interaction) on O3 Injury in OPECs

There was a significant second-order interaction between the leaf-order, O3 level, and genotype
factors in OPECs (p-value < 0.0001). At the lower O3 concentration, differences among genotypes
were mainly derived by O3 injury on third leaves, with less pronounced differences on fourth and fifth
leaves (Figure 10). In contrast, at the 90 ppb O3 level, differences among the fifth leaves were more
pronounced, because most of the third and fourth leaves were highly injured.
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Figure 10. O3 injury on the third–fifth leaf of rust near-universal susceptible genotypes, at three
different O3 levels, exposed for 14 days (12 h/day), at 25 ◦C and 50% RH, in OPECs. Injury was visually
estimated, under constant light conditions according to a 0–100% scale. Means were statistically
separated using Tukey-Kramer adjustment for multiple comparisons. Means marked with the same
letter are not significantly different at α = 0.05.

3.2. Dry Matter Accumulation

3.2.1. Initial Dry Weight Uniformity and Their Impact on DMAR

Although the genotypes were planted at the same day, and were selected for emergence time and
growth stage uniformity, as well as canopy structure, they differed in their initial dry matter prior to the
exposure, as shown in Figure 11. When the data of the seven bread-wheat genotypes were combined,
the initial dry weight per plant seemed to have a positive effect on the dry matter accumulation rate,
as shown in Figure 12. Genotypes with smaller dry weight had lower dry matter accumulation rates
than genotypes with greater initial dry weight when compared under the same O3 treatment. For all
plant sizes, DMAR was decreased by increasing O3 levels.
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Figure 11. The initial dry weight (g) per plant (±SE) of the eight genotypes at 30 days after planting,
prior to O3 treatment in OPECs. Means within each exposure system were statistically separated
using Tukey-Kramer adjustment for multiple comparisons. Means marked with the same letter are not
significantly different at α = 0.05.
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Figure 12. The regression line of the dry matter accumulation rate (per plant per day) on the initial
weight of the seven bread wheat genotypes under different O3 treatments (10, 50, 70, and 90 ppb) for
14 days (12 h/day). Actual treatments achieved were 5, 46, 65 and 84, respectively.

3.2.2. Effects of O3 Stress on PRGR

There were significant main effects of both O3 level and genotype (p < 0.0001), and a significant
interaction between the two factors (p = 0.0143) on PRGR (Figures 13 and 14). Both 50 and 70 ppb
treatments resulted in significant reduction in PRGR comparing to CF, with no significant difference
between the two treatments. The 90 ppb treatments showed the least PRGR, which was significantly
less than 70 ppb (Figure 13A). PRGR of the tested genotypes differentially responded to the tested O3

treatments (Figure 13B). Chinese Spring was the most tolerant genotype; Rusty was the most sensitive,
whereas the rest of the tested genotypes were intermediate.
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Figure 13. Percent relative growth rate [relative dry matter accumulation rate (RDMAR) under O3

treatment, referenced to the RDMAR in charcoal-filtered air (O3 = 5 ppb)], of eight rust near-universal
susceptible genotypes and their trends in response to different O3 levels of CF, 50 70 and 90 ppb
(actual achieved treatments were 5, 46, 65, and 84 ppb, respectively) for 14 days (12 h/day), in OPECs
(at 25 ◦C and 50% RH): (A) O3 main effect; (B) genotype main effect. Values are means (±SE) statistically
separated using Tukey-Kramer adjustment for multiple comparisons. Means marked with the same
letter are not significantly different at α = 0.05.

There was a significant reduction in the PRGR with increasing O3 concentrations for all the
genotypes, as compared to charcoal filtered air. However, the genotypes showed different trends in
their biomass response to O3 stress. The bread wheat genotypes could be classified into three groups.
The first group included Chinese Spring, Morocco, and Line E. Genotypes of this group showed reduced
O3 impacts on biomass production and less reduction in PRGR at the three O3 concentrations tested,
as evident in the lack of significant difference among O3 treatments with each genotype Figure 14A
and small slope value of the trend lines Figure 14B. The second group of bread wheat included only
Little Club. This genotype was similar to the first group in the lack of significance difference among
O3 treatments (Figure 14A), however, it had larger slope value of the regression line (Figure 14B).
Additionally, it was the only genotype with non-significant regression line (p = 0.0810). The third
group included McNair 701, LMPG 6, and Thatcher. These genotypes were more sensitive than the
first group, especially at 90 ppb (Figure 14A), and showed steeper regression lines (Figure 14B). On the
other hand, the durum wheat genotype Rusty was the most sensitive genotype in terms of biomass
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response to O3 stress. Rusty showed overall 0.46% reduction in RGR for every 1 ppb increase in O3

concentration. Additionally, it was the only genotype with significant difference at 50(46) ppb.Agronomy 2020, 10, x FOR PEER REVIEW 14 of 23 
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Figure 14. Percent relative growth rate (PRGR) [relative dry matter accumulation rate (RDMAR) under
O3 treatment referenced to their RDMAR in charcoal-filtered air (CF)], of eight rust near-universal
susceptible genotypes at different O3 levels of 50, 70, 90 ppb (actual achieved treatments were 5, 46, 65,
and 84 ppb, respectively) for 14 days (12 h/day), in OPECs (at 25 ◦C and 50% RH): (A) Interaction of
genotype and O3 concentration on PRGR, values are means (±SE) statistically separated using
Tukey-Kramer adjustment for multiple comparisons, and means marked with the same letter are not
significantly different at α = 0.05; (B) PRGR regression lines on O3 concentration.

3.2.3. Relationship between Visible Injury and Relative Growth Rate Responses of RnUS Wheat
Genotypes to O3 Stress

When PRGR data of the seven bread RnUS wheat genotypes were combined (after excluding
the CF treatment) and plotted against the observed O3 injury (Figure 15), a negative correlation
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was observed, with a 96.6% interception, and a negative slope of −0.23, suggesting a non-threshold
relationship between visible O3 injury and relative growth rate responses of these RnUS genotypes.
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Figure 15. General relationship between percent relative growth rate (PRGR) and O3 injury on
third–fifth leaves of seven rust near-universal susceptible genotypes of bread wheat after exposure to
different O3 levels (50, 70, 90 ppb) for 14 days (12 h/day), in OPECs (at 25 ◦C and 50% RH). PRGR is the
relative growth rate of individual plants referenced to the genotype’s average RGR in charcoal-filtered
air (O3 = 5 ppb).

By considering the effect of the different elevated O3 levels separately (Figure 16), it was clear that
O3 symptoms observed at 50 ppb were not correlated with the corresponding PRGR (p = 0.719; both R2

and the slope were nearly zero). At 70 ppb, there were significant (p = 0.0099) and stronger negative
relationship (R2 = 0.20), and the slope was greater (−0.23). This significant trend continued at 90 ppb
(p = 0.0012) with the strongest negative relationship (R2 = 0.20) and the greatest slope (−0.30).

Agronomy 2020, 10, x FOR PEER REVIEW 15 of 23 

 

 

Figure 15. General relationship between percent relative growth rate (PRGR) and O3 injury on third–

fifth leaves of seven rust near-universal susceptible genotypes of bread wheat after exposure to 

different O3 levels (50, 70, 90 ppb) for 14 days (12 h/day), in OPECs (at 25 °C and 50% RH). PRGR is 

the relative growth rate of individual plants referenced to the genotype’s average RGR in charcoal-

filtered air (O3 = 5 ppb). 

By considering the effect of the different elevated O3 levels separately (Figure 16), it was clear 

that O3 symptoms observed at 50 ppb were not correlated with the corresponding PRGR (p = 0.719; 

both R2 and the slope were nearly zero). At 70 ppb, there were significant (p = 0.0099) and stronger 

negative relationship (R2 = 0.20), and the slope was greater (−0.23). This significant trend continued at 

90 ppb (p = 0.0012) with the strongest negative relationship (R2 = 0.20) and the greatest slope (−0.30). 

 

Figure 16. Relationship between percent relative growth rate (PRGR) and O3 injury on third–fifth 

leaves of seven RnUS wheat genotypes at each of three different O3 levels of 50, 70, and 90 ppb (12 

h/day, at 25 °C and 50% RH, for 14 days in OPECs). PRGR is the relative growth rate of individual 

plants referenced to the genotype’s average RGR in charcoal-filtered air (O3 = 5 ppb). 

When data of the different RnUS wheat genotypes were plotted individually (Figure 17), the 

tolerant genotype Chinese Spring had the least slope (−0.0618) and R2 value (0.0328), indicating that 

O3 injury on plants is not correlated (p = 0.397) with O3 impacts on biomass production. On the other 

y50-70 = -0.2335x + 96.558
R² = 0.2922, p < 0.0001

0

25

50

75

100

125

0 20 40 60 80 100

P
R

G
R

 (
%

)

Ozone Injury (%) at 50, 70 and 90 ppb combined

y50 = -0.0322x + 92.656
R² = 0.0044, p = 0.719

y70 = -0.2303x + 97.12
R² = 0.2019, p = 0.0099

y90 = -0.5146x + 117.15
R² = 0.2978, p = 0.0012

0

20

40

60

80

100

120

0 20 40 60 80 100

P
R

G
R

 (
%

)

Ozone Injury (%)

Ozone: Taget (actual) ppb 50 (46) ppb 70 (65) ppb 90 (84) ppb

Figure 16. Relationship between percent relative growth rate (PRGR) and O3 injury on third–fifth
leaves of seven RnUS wheat genotypes at each of three different O3 levels of 50, 70, and 90 ppb (12 h/day,
at 25 ◦C and 50% RH, for 14 days in OPECs). PRGR is the relative growth rate of individual plants
referenced to the genotype’s average RGR in charcoal-filtered air (O3 = 5 ppb).
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When data of the different RnUS wheat genotypes were plotted individually (Figure 17), the tolerant
genotype Chinese Spring had the least slope (−0.0618) and R2 value (0.0328), indicating that O3 injury
on plants is not correlated (p = 0.397) with O3 impacts on biomass production. On the other hand,
bread wheat varieties that were ranked sensitive to O3 injury (McNair-701, LMBG-6, and Thatcher)
showed the greater slope (−0.31, −0.38, and −0.33, respectively), stronger correlations (p = 0.036, 0.0036,
and 0.057) and R2 values (0.30, 0.47, and 0.35, respectively), indicating stronger correlation between
PRGR and O3 symptoms. Interestingly, Little Club had the least values for the intercept (85.8%) among
the bread wheat genotypes. The durum wheat Rusty had the least values for the intercept (74.8%)
among all tested genotypes, and a slope value of −0.11.
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Figure 17. Relationship between percent relative growth rate (PRGR) and O3 injury on third–fifth
leaves of each of the eight rust near-universal susceptible genotypes at three different O3 levels of 50,
70, and 90 ppb (12 h/day, at 25 ◦C and 50% RH, for 14 days in OPECs). PRGR is the percentage of RGR
of each plant referenced to the genotype’s average RGR in charcoal-filtered air (O3 = 5 ppb).
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4. Discussion

Using visible symptoms and relative growth rate, the results of this study showed that plants,
and leaves at different leaf order (on the main stem), of the eight rust near-universal susceptible
(RnUS) wheat genotypes differentially responded to O3 exposure. The RnUS wheat genotypes
are a diverse group [3–6]; they differ in their genetic background, the date of development or
release, the reason for their development (varieties vs. test lines), their vernalization requirement
(spring vs. winter wheat) and the species (bread vs. durum wheat) [6]. The observed RnUS responses to
O3 stress are consistent with differential O3 responses reported among diverse groups of wheat species
and varieties [40,44,56,57]. These differential responses make RnUS suitable for identifying O3 tolerance
among breeding materials, and for simultaneous breeding of resilient varieties bearing O3 tolerance
and rust resistance, as well as investigating the sub-canopy interplay of O3 stress, wheat genotype,
and pathogens, including wheat rusts.

O3 is known to cause a continuum of two phases: sub-symptomatic and visible symptom responses.
The ratio between the two phases on plants depends on the genotype’s sensitivity, the O3 level and the
duration of exposure [23–26]. In this study, we focused on the O3 visible symptoms observed under O3

levels ranging from 50–100 ppb, which identify wheat sensitivity in level mimicking current and future
O3 levels, and help to understand the reported O3 conducive impacts on necrotrophic pathogens,
and negative impacts on biotrophic pathogen like rusts [1,58–63]. Rust pathogens require living tissue,
and visible O3 injury at different leaf order in the canopy suggests a gradient of reduction in plant
tissue available for these pathogens to infect.

Interestingly, the tested RnUS genotypes maintained a consistent relative sensitivity/tolerance
ranking for visible injury in the two O3 exposure systems (i.e., CSTRs and OPECs), despite the
differences in exposure concentration, duration, regime, and environmental conditions, in addition to
the difference in the order of scored leaves (fourth vs. third–fifth leaf in CSTRs and OPECs, respectively).
Overall, LMPG 6 and Thatcher were O3 sensitive, in contrast to Chinese Spring which was found
to be O3 tolerant. The other five genotypes had moderate O3 injury. This consistency might be due
to the use of a suitable ending point, by terminating the exposure when O3 symptoms on the most
sensitive tested genotype was approaching 100%, under the highest O3 concentration. Scoring plants
at such a standard ending point for screening experiments would allow for the maximum symptoms
on the tolerant varieties without over-exposing sensitive ones. Hence, the results obtained under
different conditions would be comparable, especially if reference-tolerant (e.g., Chinese Spring) and
sensitive (Thatcher) genotypes were universally used. Because of their universal use worldwide [6],
RnUS genotypes could be ideal reference material in O3 screenings.

The biomass data showed poor correlations between visible symptoms and PRGR in tolerant
genotypes, which suggest that these genotypes can maintain high efficiency of their photosynthetic
machinery, possibly in younger leaves where symptoms were not observed. On the other hand,
sensitive varieties suffered from O3 symptoms on both lower and upper canopy, leaving less unimpaired
photosynthetic tissue to contribute to biomass production. Moreover, the intercept values of Little
Club and Rusty were 85.8 and 74.8%, respectively. These intercept values are evidence of compromised
growth in the absence of visible symptoms, as the two genotypes might undergo 14.2 and 25.2% loss
in RGR, respectively, in non-symptomatic plants. This is a clear indication that even in the absence
of visible symptoms, reduction in the relative growth rate is expected. This suggests that screening
based on biomass production under O3 stress is critical. In the case of Little Club, this reduction could
be the result of O3 avoidance by induced stomatal closure, which might be supported by the narrow
range of O3 injury levels observed, which does not exceed a maximum of 69% on any plant under any
treatment. As for Rusty, it is more likely that this reduction in RGR is the result of direct post-entry O3

impact on photosynthesis, because of the high injury levels observed with a maximum O3 injury of
94.7%. The findings of this study show that visible symptoms could only be used as an indicator for
biomass sensitivity under severe O3 stress (e.g., 90 ppb). At lower O3 concentrations, it is difficult to
differentiate between the tolerant and sensitive varieties if depending solely on visible symptoms.
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For screening wheat for O3 tolerance, visible symptom and relative growth rate responses have
different requirements in terms of available resources and time. Selecting against O3 visible symptoms
might be the most feasible approach, however, it does not always reflect the biomass responses.
A quantitative trait locus (QTL) for leaf bronzing on chromosome 5A was identified in wheat, yet it
was present in most of the tested genotypes, therefore the value in selection for this allele in a breeding
program is not clear [44]. Visible symptoms observed in this study were in the form of chlorotic
flecking that progresses into chlorosis, rather than leaf bronzing. It would be of interest to assess the
role of the leaf bronzing locus in the differential O3 response of the RnUS. However, both this study
and [44] support the use of foliar injury as a tool for high throughput screening.

Trends in PRGR were consistent with visible injury ranking for the tolerant genotype Chinese
Spring and two of the moderately sensitive genotypes (Morocco, and Line E), as well as the more
sensitive genotypes McNair 701, LMPG 6, and Thatcher (Figure 14). On the other hand, trends of
biomass data of Little Club and Rusty seemed different from their injury responses. Little Club seemed
to be more sensitive to the presence of O3 than the concentration, as PRGR dropped with O3 increase
from CF to 50 ppb, with no further decrease in PRGR at the higher O3 levels, as evident from the small
slope values (Figure 14), this might support an O3-avoidance mechanism. In contrast, the durum
wheat genotype Rusty was the most sensitive genotype in terms of biomass responses (Figure 14).
Overall, Rusty was ranked in this study as moderately sensitive to O3 injury, although durum wheat is
presumed more tolerant to O3 than bread wheat [34]. This level of sensitivity makes Rusty an ideal
material for identifying the genetic control of O3 tolerance in durum wheat. Populations already made
of crosses between Rusty and other durum wheat varieties with confirmed O3 tolerance could be used
to map O3 tolerance. Therefore, further screening of more durum wheat varieties for O3 tolerance is
needed, especially those varieties that were crossed with Rusty to form mapping populations.

The positive correlation between dry matter accumulation, under all O3 treatments, and the initial
dry weight suggests that genotypes with rapid growth (prior to O3 exposure) at the seedling stage
might show less biomass sensitivity to O3 stress when screened. A standardized high throughput
screening of large numbers of genotypes is critical for making progress in breeding for O3 tolerance.
One potential standardization method is to start the exposure shortly after the full development of the
second leaf, consequently, minimizing the differences in initial biomass. In addition, early screening
will allow for capturing the exponential nature of growth at this early stage, which would maximize
the potential for detecting the inherited O3 tolerance, with minimal environmental interference.

Due to its importance for global food security, wheat is the most studied crop for O3 responses [56].
However, breeding O3-tolerant wheat is yet to be widely conducted. Although differences in O3

responses were documented among wheat cultivars [21,44], more information on key genetic stocks is
critically lacking. Hence, the identification of the O3 responses of RnUS commonly used as genetic
stocks (e.g., Chinese Spring and Thatcher) could have a substantial impact on breeding for O3 tolerance.
For example, Chinese Spring was the most tolerant genotype to both O3-induced symptoms and
biomass reductions. This variety is central for genetic studies of wheat, consequently, it was selected
for obtaining the first whole-genome sequence [64], and is usually used as a parent that lacks many
agronomic traits [65]. However, based upon the evidence provided here, Chinese Spring could
additionally be used as a source of O3 tolerance in bread wheat. The wide diversity of available
genetic stocks for Chinese Spring [66] makes it ideal for identifying the location of O3 tolerance in
wheat. O3 tolerance has been attributed to genomes AABB, whereas the sensitivity has been found
in genome DD [34]. The availability of 21 monosomic lines in the Chinese Spring background were
used to attribute O3 tolerance to chromosome 7A [26]. Biparental mapping populations of Chinese
Spring are suitable for identifying markers associated with this source of O3 tolerance. For example,
a mapping population of Chinese Spring was used for identifying adult plant resistance to leaf rust [5],
whereas another mapping population was used to map Lr34 in a near-isogenic line of the sensitive
background genome of Thatcher [67]. These mapping populations could also be used to map O3

tolerance in Chinese Spring, if phenotyped for O3 tolerance.
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5. Conclusions

Increased wheat production is essential for attaining global food security. This requires breeding
resilient wheat cultivars that are resistant/tolerant to major biotic (rust diseases) and abiotic (O3) stresses,
while maintaining high yield. This research characterized the O3 responses of wheat genotypes that
serve critical roles in developing new rust resistant cultivars. This information will contribute to the
simultaneous breeding for rust resistance and O3 tolerance.
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