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Screening crop plants under elevated ozone concentrations ([O3]) is a pre-requisite for identification of tolerant lines, but few studies have mapped maize responses to elevated [O3]. B73-Mo17 nearly isogenic lines (NILs) were screened in the field under ambient (~40 ppb) and elevated (~100 ppb) [O3] at the Free Air gas Concentration Enrichment (FACE) research facility in Champaign, IL to identify maize leaf damage QTL associated with variation in O3-induced oxidative stress response. In Mo17 NILs, a significant leaf damage QTL was identified at 161Mb on chromosome 2. To assess the feasibility of high-throughput phenotyping and fine mapping of early season O3 leaf damage QTL, a subset of the nested association mapping (NAM) founder lines were screened in a growth chamber experiment under ambient and elevated [O3]. Results showed that elevated [O3] decreased the number of green leaves while increasing the number of lesioned and dead leaves. Most lines showed the same general response to elevated [O3], but the degree of damage varied among lines. Next, tolerant and sensitive B73-Mo17 NILs identified from the FACE study, and hybrid crosses of the identified NILs with Mo17 (n = 20) were grown under elevated O3 (~150 ppb) in growth chambers (n = 7). In the chambers, O3-sensitive lines could be distinguished from tolerant lines based on leaf lesions, but there was not a continuous degree of damage like that seen in the field. This research identified a repeatable O3-induced leaf damage QTL and developed populations and markers that can be used in future growth chamber fine mapping experiments. These results demonstrate the feasibility of high-throughput phenotyping and fine mapping of O3 leaf damage QTL in a controlled environment.
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INTRODUCTION

Tropospheric O3 is one of the most important environmental pollutants and is estimated to cost billions of dollars in global crop losses (Van Dingenen et al., 2009; Avnery et al., 2011; McGrath et al., 2015; Ainsworth, 2017; Mills et al., 2018). A majority of tropospheric O3 comes from anthropogenic emissions. Tropospheric O3 is a direct driver of global warming and has indirect negative effects on plant production. O3 has been shown to have a negative effect on yield and quality traits of crop plants such as soybean and rice (Betzelberger et al., 2010; Frei, 2015). However, there have been fewer studies that have investigated the effects of elevated O3 on C4 plants (Leisner and Ainsworth, 2012). Maize is one of the world's primary agricultural commodities for food, fodder, and fuel (FAO, 2018). The global demand for maize crop production is increasing exponentially (Kay et al., 2013), and it is estimated that by 2050 agricultural commodities will need to sustain more than nine billion people (FAO, 2018). Concurrently, it is projected that by 2050 tropospheric O3 concentrations will increase (Pachauri et al., 2014). Therefore, understanding how maize is affected by O3-induced oxidative stress will contribute to improving current and future maize crop productivity.

O3 causes damage to plants when it enters leaves through the stomata and forms other reactive oxygen species (ROS; Black et al., 2000). Plant response to oxidative stress involves the creation of ROS stress and its interaction with phytohormones, Ca2+, and MAPK signal cascades. There appears to be significant overlap between O3 response and pathogen response pathways in plants (Perez and Brown, 2014). High [O3] mimics oxidative bursts generated by early signal pathways that regulate plant hypersensitive response (Rao and Davis, 1999; Rao et al., 2000). Secondary ROS bursts activate the expression of defense genes and the ethylene, salicylic acid, and jasmonic acid signal pathways (Black et al., 2000; Perez and Brown, 2014). The cost associated with detoxification of O3 often increases respiration, which along with a reduction in photosynthesis at elevated [O3], imparts a substantial C cost to plants (Ainsworth et al., 2012).

Amongst the range of effects caused by elevated [O3], visible leaf damage symptoms are considered an important indicator of O3 injury (Miller et al., 1989). O3-induced leaf damage traits have been reported for the past 35 years from countries all around the world (Krupa et al., 2001). Both acute and chronic O3 exposure induce oxidative stress due to the production of ROS in the apoplast (Frei, 2015). At high O3 concentrations, this production of ROS can result in cell death and necrotic symptoms (Rao and Davis, 2001; Kangasjarvi et al., 2005). Chronic injury is normally induced by long-term, lower O3 concentrations, and develops slowly over days to weeks. Chronic injury is characterized by chlorosis, stippling, necrosis, leaf edge yellowing, and premature senescence (Brace et al., 1999). A concern in diagnosing leaf damage is the ability to distinguish O3 symptoms from a wide range of potential symptoms caused by other agents. Therefore, foliar symptoms are best identified through a systematic survey. Assessing O3-induced leaf damage is important because it is often correlated with a decreased carbon fixation and water use efficiency (Rao and Davis, 2001; Kangasjarvi et al., 2005) and is much easier to score than physiological measurements that require specialized equipment.

Free Air gas Concentration Enrichment (FACE) facilities allow for the investigation into predicted climate change scenarios. The power of FACE facilities is in the ability to study how changes in atmospheric gasses alter plant growth in a field setting, with treatment application having only a minimal effect on other abiotic and biotic factors. FACE technologies have been adapted to enrich O3 to study plant responses in field settings (Morgan et al., 2004; Tang et al., 2011). A potential problem with FACE systems is their limited size, making it difficult to screen large populations needed for modern genetic analysis. Previous work has shown that the SoyFACE research facility at the University of Illinois Urbana-Champaign can be successfully used to screen crops for O3 tolerance and sensitivity (Ainsworth et al., 2014; Yendrek C. R. et al., 2017). Using modern screening SoyFACE studies have shown genetic variation in numerous traits for numerous species. The most recent research in crop species response to elevated O3 has focused on identifying physiological variation and/or yield traits in soybean (Betzelberger et al., 2010), rice (Shi et al., 2009), and wheat (Zhu et al., 2011). Identifying intraspecific variation for oxidative stress tolerance is an important pre-breeding step (Ainsworth, 2017). However, the next step is to use genetically structured populations, such as near isogenic lines, in FACE experiments to perform genetic analysis of O3 response. Genetic mapping studies have identified leaf damage QTL for Arabidopsis (Brosché et al., 2010), poplar (Street et al., 2011), rice (Kim et al., 2004; Frei et al., 2008; Frei, 2015; Tsukahara et al., 2013), and soybean (Burton et al., 2016), but not for maize.

Building on previous, unpublished results suggesting B73 and Mo17 differed in O3 sensitivity, B73-Mo17 nearly isogenic lines (NILs) were screened in the field under ambient (~40 ppb) and elevated (~100 ppb) [O3] at the FACE research facility in Champaign, IL to identify maize leaf damage QTL associated with variation in oxidative stress response. The aims of this study were to (i) assess variation in the sensitivity of maize to elevated [O3] using nearly isogenic lines, (ii) identify O3-induced leaf damage QTL(s) and, (iii) develop populations and marker tools for fine mapping to confer O3 tolerance and/or verify sensitive lines. Additionally, the feasibility of high-throughput phenotyping and fine mapping of early season O3 damage QTL were tested with a controlled environment experiment. Two hypotheses were tested: (i) maize exposure to elevated [O3] (~150 ppb) in a growth chamber will result in an abiotic stress response, which will accelerate senescence; and, (ii) O3 response in the growth chamber will correlate to response measured in the field.

MATERIALS AND METHODS

Field NIL Experiment

One hundred B73-Mo17 NILs were screened in the field under ambient (~40 ppb) and elevated (~100 ppb) [O3] at the FACE research facility in Champaign, IL. Fifty B73 NILs (n = 4) with Mo17 introgressions into a B73 background and 50 Mo17 NILs (n = 4) with B73 introgressions into a Mo17 background developed by Eichten et al. (2011) were planted in a single-row 1.65 m plot in four elevated [O3] and four ambient rings in 2016 and 2017. B73 and Mo17 were grown as checks and replicated five times within each ring for a total of 40 plots across the experiment. Each NIL was present one time within each ring for a total of eight replications across the experiment. Air enriched with O3 was delivered to the experimental rings with FACE technology, as described in Yendrek C. et al. (2017). Maize was exposed to elevated [O3] (100 ppb) for 8 h each day from shortly after emergence until physiological maturity. When the fumigation system was operating, O3 concentrations were within 20% of the 100 ppb target concentration for 81% of the time.

O3-induced leaf damage was scored on a 0–9 scale in two successive years. A foliar disease scale was modified for leaf damage susceptibility in maize (Figure 1); with zero representing 0–10% of the leaf area having damage and nine representing 90–100% of the leaf area having damage. Leaf damage was scored on eight plants per plot and the average was used for analysis. Plot averages for each FACE ring were used in the analysis for each NIL genotype. In 2016 and 2017, 43 days after planting (DAP) measurements were taken on the 5th true leaf. Damage scores were collected independently by two scientists and compared for reliability.
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FIGURE 1. O3-Induced leaf damage scale. Leaf damage was scored on a 0–9 scale. Visual rating scales were adapted from foliar disease scoring methods. Not shown: “0” mark for 0–10% damage, “1” mark for 10–20% damage, “2” mark for 20–30% damage, and the “9” mark for 90–100% damage. (A) Cartoon interpretation of percentage leaf damage coverage. (B) Field pictures of O3 leaf damage. Damage scores are shown.



QTL analysis was completed using stepwise regression with the lm function in R (R Core Team, 2015). Three models with different random effects were tested and best fit chosen by the Akaike information criterion (AIC). The final model included random effects for ring, ring set by ring interaction (ringset:ring), and genotype. “Ringset” is the cardinal direction location of the plot in each ring. This model was used to analyze the data in separate genotypes, in separate environments, and in both genotypes. First, the ozone response (Elevated leaf damage—Ambient leaf damage) was calculated. Mo17 NILs were analyzed separately from B73 NILs. Then, an additional QTL analysis was completed in separate environments (elevated or ambient). Finally, the analysis was run analyzing B73 and Mo17 NILs together with recurrent parent (“RP”) as a covariate in the model. Significance thresholds were determined by using 200 permutations and an alpha of 0.05.

Growth Chamber Experiments

A subset of nested association mapping (NAM) founder lines (CML322, CML333, Ki3, M37W, Mo18W, MS71, NC358, and P39) were grown under ambient and elevated [O3] (~150 ppb) in growth chambers (n = 4) (Environmental Growth Chamber, GC Series, 1.4 m2 growing area, Chagrin Falls, OH, USA). Ozone was produced by a variable output UV-C light bulb ballast (HVAC 560 ozone generator, Crystal Air, Langley, Canada), and controlled with a custom multiport sampling system. The subset of NAM founder lines was selected based on previous results (Yendrek C. R. et al., 2017) that showed in elevated [O3] leaf senescence of inbred and hybrid maize was genotype-specific. The NAM founder lines were selected to maximize diversity from maize inbreds. The subset selected contained tropical lines (CML322, CML333, Ki3), a high-carotenoid line (M37W), temperate lines (Mo18W, MS71, NC358), and a popcorn (P39). Each chamber was setup in a 10 × 5 (n = 50 plants per chamber) layout, as an incomplete block design with five blocks and 10 plants per block. Each block had a B73 check such that B73 was replicated 10 times per chamber for a total of 80 pots across the experiment. The selected NAM founder lines were replicated five times per a chamber for a total of 40 pots across the experiment. Genotype location was randomized for ambient and elevated [O3] chamber pair (Supplemental Figure 1). Growth conditions included Sungrow© professional LC1 growing mix soil, osymocote© all-purpose plant fertilizer, and daily hand watering. Chambers were set to maintain constant light (700 μmol m−2 s−1; 15 h day), temperature (25°C day, 21°C night), and relative humidity (60%). Ozone was produced with a variable output UV-C light bulb and ballast (HVAC 560 ozone generator, Crystal Air, Langley, Canada) for a setpoint of 150 ppb for 9 h per day. Ozone concentrations within each chamber were monitored with an O3 analyzer (Thermo Electron 49i, Thermo Scientific, Waltham, MA, USA) and controlled using a custom multiport sampling system.

Total leaf number, green leaf number, lesioned leaf number, and dead leaf number phenotypic measurements were completed at 21 and 32 DAP. Additional phenotypic measurements were completed 32 DAP and included height of the main stalk to the whorl (“height”), tiller number, and the sum of all tiller lengths and main stalk (“total height”). Green leaf number and lesioned leaf number were scored to capture different potential response mechanisms. In the field, some genotypes put leaves on more rapidly in elevated ozone, and so we counted green leaf number to determine if this trait was consistent. Lesioned leaf number informs us how many leaves are showing ozone sensitivity. Statistical analysis was performed on mean trait values for each genotype within a chamber. Independent T-tests were performed on genotype by trait:treatment. Significance was adjusted using the Bonferroni correction for multiple testing. Linear mixed effect modeling was completed using the Lme4 R package (Bates et al., 2015), using a model with: treatment as a fixed effect, chamber within treatment as a random effect, block within chamber within treatment as random effect, genotype as a fixed effect, and genotype*treatment as a fixed effect. The mixed model p-values were calculated using normal distribution approximation which assumes infinite degrees of freedom. The significance threshold was set at p < 0.05 for all analyses.

Selected tolerant (m076) and sensitive (m002, m072, m007, m030, m091, m016, m038, b131, b005) NILs plus their hybrid crosses with Mo17 were grown under elevated O3 (~150 ppb) in growth chambers (n = 7), with an incomplete block design. Each chamber was setup in a 4 × 8 (32 plants per chamber) layout to allow plants to grow without overcrowding through the 6th leaf stage. Each chamber contained four blocks with eight plants per block. Each block had B73, Mo17, and B73 × Mo17 checks, so each check was replicated four times within a chamber. Selected NIL lines and hybrids were screened in each chamber for a total of seven plants in the experiment. Within a chamber plant location was randomized (Supplemental Figure 2). Growth conditions included Sungrow© professional LC1 growing mix soil, osymocote© all-purpose plant fertilizer, and daily hand watering. Chambers were set to maintain constant light (700 μmol m−2 s−1; 15 h day), temperature (25°C day, 21°C night), relative humidity (60%), and elevated [O3] (150 ppb) for 9 h per day.

O3-induced leaf damage was scored on a 0–9 scale as described above, on the 5th and 6th true leaf at 32 DAP. Chamber average damage scores were recorded for each NIL, hybrid, and check. Leaf damage scores were collected independently by two scientists and compared for reliability. Additionally, each leaf of each plant was photographed. Growth chamber values for leaf damage were compared to field values scored in the elevated [O3] plots using a 2 parameter logarithmic function (y = yo + αlnx). The data were assessed with the Shapiro Wilk normality test and QQ plot analysis using the 5th leaf damage scores from the chamber, the 6th leaf damage scores from the chamber, the combined 5th and 6th leaf (“leaf_variable”) damage scores, and the field leaf damage scored on 5th leaf in elevated [O3]. To determine best fits for the data distributions, three models were tested and the best was chosen using AIC. The final models included random effects for leaf_variable, chamber, block:chamber, and genotype. All calculations and analysis were completed in R (R Core Team, 2015).

RESULTS

Field NIL Experiment

There was considerable genetic variation within the NILs in the response to elevated [O3] (Figure 2). Mo17 was more sensitive than B73, and some Mo17 NILs were much more sensitive than Mo17 (Figure 2). Leaf damage scores from the field in 2016 and 2017 had a strong, significant correlation (r = 0.93, Figure 3). Five sensitive Mo17 NILs (m007, m022, m030, m072, and m091), two sensitive B73 NILs (b005, b131), and one tolerant Mo17 NIL (m076) were consistent across years (Figure 3). In Mo17 NILs, a repeatable significant QTL was identified on chromosome 2 at 161Mb (Figures 4A,C,E and Table 1). Interestingly, B73 introgressions into Mo17 in this region made NILs more sensitive to elevated [O3] (Figures 4B,D,F). Sensitive Mo17 NILs had on average five total introgression regions. All five sensitive NILs shared a common introgression on chromosome 2 at 161Mb, and the left-hand boundaries of the LOD drop off support intervals (Supplemental Table 1) for this QTL cross the centromere. Sensitive B73 NILs (b005 and b131) had two shared introgressions: one on chromosome 5 that is 1.86Mb and another on chromosome 6 that is 7.95 Mb. Resistant NIL m076 has six small homozygous introgressions on four chromosomes.


[image: image]

FIGURE 2. Field O3 leaf damage response. Field-based FACE screening of B73-Mo17 NILs showed that Mo17 alleles contribute more susceptibility to O3 than B73 alleles. Solid vertical line indicates overall mean. Dashed vertical lines indicate means of parental (B73 and Mo17) checks. (A) 2016 Measurement, (B) 2017 Measurement. Blue indicates ambient FACE ring. Orange indicates elevated [O3] FACE ring.
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FIGURE 3. Field O3 leaf damage correlation. Leaf damage scores from the field in 2016 and 2017 had a strongly significant correlation (r = 0.93). Five sensitive Mo17 NILs (m007, m022, m030, m072, and m091), one tolerant Mo17 NIL (m076), and two sensitive B73 NILs (b005 and b131) were identified and consistent across years.
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FIGURE 4. Field O3 Leaf Damage QTL in Mo17 NILs. Results are shown for Mo17 NILs; (A,B) 2016, (C,D) 2017, (E,F) 2016 and 2017 combined data results. (Left) QTL mapping results. (Right) Boxplots showing phenotypic distributions for B73-allele homozygotes (0), heterozygotes (1), and Mo17-allele homozygotes (2) at the most significant marker, which is the same in (A–C).




Table 1. Field stepwise regression QTL linkage mapping results.
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NAM Founder Lines Subset Growth Chamber Experiment

Maize plant exposure to elevated [O3] in a growth chamber setting resulted in an abiotic stress response that was distinguishable by leaf trait phenotyping. In general, independent T-tests by trait for each genotype show that elevated [O3] in the growth chambers decreased the number of green leaves while increasing the number of lesioned and dead leaves (Figure 5 and Table 2). Most NAM founder lines showed the same general trends for leaf traits, however individual lines showed varying responses to elevated O3 treatment (Figure 5 and Table 2). Height response was variable; lines B73, CML322, MS71, and NC358 were significantly (p < 0.05) affected by O3 treatment, but lines CML333, Ki3, M37W, and Mo18W were not (Table 2). Line P39 tiller production was significantly (p < 0.05) reduced in the elevated O3 environment (Table 2). The growth chamber experiment showed that B73 grown under ~150 ppb O3 for 3–4 weeks can clearly be differentiated from ambient-grown B73 based on leaf lesion types (Table 2). Linear mixed-effects modeling shows that NAM founder lines B73 and MS71 were significantly affected (p < 0.05) by O3 treatment in all three traits analyzed (Table 3). NAM founder lines CML322, M37W, Mo18W, Ms71, and NC358 were significantly affected (p < 0.01) by O3 treatment for traits green leaf number and lesioned leaf number but not height (Table 3).


[image: image]

FIGURE 5. Growth chamber NAM founder lines subset elevated [O3] screen trait by genotype. Individual lines show varying effect size of O3 treatment. Most lines show the same general trends. (A) Total number of leaves, (B) number of green leaves, (C) number of lesioned leaves, (D) number of dead leaves, (E) height, (F) total height (sum of all tiller lengths and main stalk), (G) number of tillers. Blue indicates ambient chambers. Orange indicates elevated [O3] chambers.




Table 2. Growth chamber NAM founder lines subset elevated [O3] screen independent T-tests trait by genotype.
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Table 3. Growth chamber NAM founder lines subset P-values from Lme4 modeling.
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NIL Growth Chamber Experiment

Experiments in the growth chambers with selected NILs and hybrids revealed that the leaf damage scores showed a binary distribution, and not the continuous degree of damage that was observed in the field (Figures 6A,C). Leaf damage scores on the fifth and sixth leaves were similar (Figures 6A,B). B73 and Mo17 were clearly distinguishable in both the field and the growth chamber. Mo17 NILs m002 and m016 carry the introgression chromosome 2. While, NIL m038 is heterozygous on chromosome 2 for the shared introgression under the QTL. Using leaf damage scores from NILs and hybrids in the chambers, we observed that the B73 QTL allele on chromosome 2 appeared to confer O3 sensitivity in the Mo17 background in a dominant fashion (Figures 7A,B), whereas the B73 allele(s) conferring resistance in m076 appeared to act additively (Figure 7C). Sensitive B73 NILs, b005, and b131, appeared to confer O3 sensitivity in a dominant fashion (Figures 7D,E). All of the sensitive NILs had a similar high leaf damage score (~8) in the growth chamber, despite showing a range of scores in the field.
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FIGURE 6. Field and growth chamber O3 leaf damage scores. Field 5th leaf elevated damage scores were plotted against (A) combined chamber 5th and 6th leaf damage scores, (B) chamber 5th leaf damage scores, and (C) chamber 6th leaf damage scores.
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FIGURE 7. Growth chamber estimation of gene action. Images from each leaf were taken and O3 leaf damage score distributions plotted. Damage scores were calculated by combining 5th and 6th leaf measurements. (A,B) In a Mo17 background, the B73 QTL allele on chromosome 2 appears to confer O3 sensitivity in a dominant fashion, (C) whereas the B73 allele(s) conferring resistance in m076 appear to act additively. (D,E) Sensitive B73 NILs, b131 and b005, appear to confer O3 sensitivity in a dominant fashion.



DISCUSSION

This study used FACE technology to screen maize B73—Mo17 NILs in ambient and elevated [O3] in order to identify genetic regions associated with O3 response. Two NIL populations were screened, one with Mo17 as the recurrent background, and one with B73. Mo17 was more sensitive to elevated [O3] as evidenced by greater visual leaf damage, and the NILs showed transgressive segregation (Figure 2). A significant QTL on chromosome 2 was identified and was consistent in both years of the study (Figure 4 and Table 1). The direction of the QTL effect was unexpected since B73 showed less leaf damage in elevated [O3] than Mo17 (Figure 2). Just because B73 is more tolerant overall does not mean that it will have a tolerant allele for all QTL. Still, given the complexity of plant responses to elevated [O3], it is unexpected that only one major QTL was detected and that B73 introgressions into Mo17 make those NILs more susceptible. Other O3 studies of Arabidopsis and rice have reported multiple smaller QTL for O3 leaf damage (Shi et al., 2009; Brosché et al., 2010; Frei, 2015; Burton et al., 2016), and in rice, an apoplastic protein closely related to ascorbate oxidase, but lacking enzyme activity was subsequently suspected of involvement in O3 tolerance (Ueda et al., 2015). There are several possible explanations for the maize results, including: (i) genetic background matters, (ii) there is cytoplasmic inheritance, or (iii) the B73 alleles have been unmasked. At this time it is inconclusive if the Mo17 introgression into B73 in this region has an effect. All NILs were derived from a B73 × Mo17 hybrid with B73 cytoplasm. An experiment using F2 populations to determine whether the cytoplasm (B73 vs. Mo17) has an effect on the detection of the QTL effect could be revealing. F2 populations could determine whether the QTL effect is only present in certain cytoplasms. To test for genetic background effects B73 NILs with a Mo17 introgression in this location could be leveraged. When particular natural variants are placed into different backgrounds the phenotypic consequences of that allele may be profoundly different from in their own background (Chandler et al., 2013). Genetic background effects have been observed in most genetically tractable organisms where isogenic lines are used, including mice (Strunk et al., 2004), nematodes (Remold and Lenski, 2004), fruit flies (Gibson and van Helden, 1997), yeast (Dowell et al., 2010), rice (Cao et al., 2007), Arabidopsis (Huang et al., 2012), and bacteria (Wang et al., 2013).

Mapping is completed in general stages (Mackay et al., 2009). We identified a QTL that defines a large genomic region where one or more alleles affecting the trait segregate. In this study, the QTL associated with O3 leaf damage on chromosome 2 has support intervals that crossed the centromere. This can reduce the probability of recovering recombinants in subsequent generations (Rodgers-Melnick et al., 2015) and make fine mapping more challenging. Still, theoretically, the next steps in fine mapping would be screen backcrossed F2's to identify segregating NILs. This would assist determination of which of the five introgressions is responsible for the O3-induced leaf damage QTL. The shortcoming of such a classical QTL study is that the resolution of mapping is limited by the number of genetic recombination events occurring in the mapping populations (Lipka et al., 2015).

A second aim of this study was to test if growth chamber experiments could be used to accelerate screening for O3 responsive lines. FACE technology, developed to study elevated CO2 concentrations, is readily adaptable to study O3. In fact, this has been used to study the impact of O3 on various crops (reviewed in Ainsworth, 2017). There are certain limitations to all field trials including those using FACE technology. In many crop growing regions, only a single field season is possible, and FACE “rings” have a limited size. Given the desire for breeding programs to screen potentially thousands of genotypes, conducting mapping experiments in smaller scale chamber experiments followed by verification in the field with elevated [O3] may be more feasible (Frei, 2015). Our results showed that exposure to elevated O3 in chambers caused leaf damage (Figure 5), and that O3 sensitive and tolerant lines were consistent with field-based observations (Figure 6). In the growth chambers, damage was either present or absent, whereas in the field, we observed a continuum of leaf damage (Figure 6). This may be because we used a higher concentration of O3 in the growth chambers compared to the field or because the air flow in the growth chambers provides greater O3 exposure to the plants. Or alternatively that, the FACE experiment could capture small differences that could not be observed in chamber experiment. It was encouraging that the chamber experiments, even with differences in the degree of leaf damage, supported the field experiments overall.

We further used the growth chambers to examine potential dominance in sensitive and tolerant NILs (Figure 7). Mapping populations of Arabidopsis, poplar, rice and soybean have been used previously to identify QTL associated with O3 response (Kim et al., 2004; Frei et al., 2008, 2010; Brosché et al., 2010; Street et al., 2011; Tsukahara et al., 2013, 2015; Burton et al., 2016). Brosché et al. (2010) identified three QTL on chromosomes 1, 2, and 3 for O3 induced leaf injury in Arabidopsis. This research found that genes under these QTL are involved in ROS signaling and stomatal regulation. Street et al. (2011) screened a F2 Populus trichocarpa × Populus deltoids population in a chromic O3 study. They found QTL for leaf necrosis, diameter, late-season leaf number, height, late season abscission, area of the first unfurled leaf, and chlorophyll content in elevated [O3] or as response QTL. These findings indicate that O3 responsive genomic regions exist and govern numerous traits. In soybean, Burton et al. (2016) found a leaf injury QTL following acute O3 treatment varied with leaf position in the canopy. The analysis showed that loci were associated with distinct leaf developmental stages while the O3 sensitive parent contributed one favorable allele for O3 response. In rice O3 damage QTL have been found on chromosomes 1, 2, 5, 7, 8, 9, and 11 and they tend to co-localize. Two rice QTL for leaf bronzing were further studied and found to contribute to O3 tolerance via difference mechanisms (Frei et al., 2008, 2010; Shi et al., 2009). Breeding lines containing both bronzing QTLs were developed, and the lines were more O3 tolerant than the sensitive line and the parental chromosome segment substitution lines.

To advance the findings reported here for maize, F2 populations and markers have been developed. These resources can be utilized to further fine map the leaf damage QTL identified on chromosome 2 at 161 Mb. Additionally, they can be used to map sensitive B73 NILs, b007, and b003, and tolerant Mo17 NIL m076 down to a single introgression. Co-dominant markers can be used to screen for recombinants. These populations have been created to fine map resistance in m076, sensitivity in b005 and b131, and sensitivity in Mo17 NILs (m007, m022, m030, m072, and m091). These developed resources could be used to study which regions and/or genes are underpinning O3 response in maize.

CONCLUSIONS

Ozone pollution is hypothesized to cost up to 10% of current maize yields in the U.S. (McGrath et al., 2015). Progress in improving maize tolerance to oxidative stress requires genetic variability, reliable selection methods, time, and resources. Here, we identified a repeatable O3-induced leaf damage QTL on chromosome 2 at 161Mb, which appears to confer O3 sensitivity in a dominant manner. We further showed that O3 sensitive lines identified in the field were also sensitive to elevated [O3] in growth chambers, thus opening potential for high-throughput phenotyping and fine mapping of early season O3 damage QTL in a controlled environment.
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