ABSTRACT
MASHAHEET, ALSAYED M.S. Effects of Near-Ambient Oz and CO. on Wheat Performance
and Interactions with Leaf and Stem Rust Pathogens. (Under the direction of Drs. David S.
Marshall and Shijin Hu).

Wheat is a key crop for global food security, and the staple food for 30% of the world
population. It provides about 20% of the food proteins and calories to more than 4.5 billion
people in 94 developing countries. By 2050, the world will need 70% more food, nearly 4
billion tonnes of cereals, most of which are needed in developing countries, where elevated
ozone and resurgent rust diseases are challenges. However, there is limited information on how
ozone and rust currently interact with wheat plants, and how these interactions influence the
entire wheat phytobiome. Moreover, there is no information on the relative ozone responses of
key breeding material and associated genetic markers, which significantly limit breeding wheat

for ozone tolerance.

The first objective of this dissertation was to identify the relative ozone responses of
key host germplasm, such as a panel of eight rust near-universal susceptible genotypes, and to
investigate their suitability for breeding and phytobiome research. Visible injury results
showed consistent differential Oz responses in two gas exposure systems. Thatcher and LMPG-
6 were the most sensitive genotype, whereas Chinese Spring and Little Club were the most
tolerant. Biomass data showed similar results, accept for Rusty that was ranked moderately
susceptible according to visible injury, and was the most sensitive according to biomass
production. LMPG-6 could be used as Oz-sensitive, in contrast to Chinese Spring. Similarly,
Thatcher is a suitable Oz-sensitive in contrast to Little Club or Morocco for studying Oz effects
on different races of leaf rust.

The second objective of was to identify the genetic control of Oz tolerance at the
chromosome level in the wheat variety Chinese Spring. Tolerance is currently identified only
to the subgenome level (subgenome AABB). Visible injury results suggested that the observed
Os tolerance is correlated with chromosomes 7A, with no evidence for sensitivity factors
associated with any of subgenome D chromosome. A mapping population from the cross
between Chinese Spring and Oz-sensitive varieties, (e.g. Thatcher) could determine the exact

location(s) of Os tolerance gene(s) and identify the associated genetic marker(s).



The third objective was to identify the relative Os responses of some winter wheat
genotypes, and to investigate their suitability for breeding resilient hard red winter wheat
varieties, suitable for the eastern United States. Osresponses of 12 hard and 10 soft red winter
wheat genotypes were tested against some varieties representing other cereal species. Injury
results indicated that winter wheat were more tolerant than spring wheat, similar in sensitivity
to oat, and more sensitive than triticale and barley. Tested hard wheat genotypes were found
to be more sensitive to Oz than soft wheat. This indicated the importance of the O3 responses
of parents used to breed for improved hardness. Tested red wheat genotypes showed decreasing
sensitivity as function of release date, with higher rate of declining sensitivity for varieties
released after the year 2000. The visible injury difference between Coker 9553 and
MDO01W28-08-11 was confirmed by yield trials in open-top chambers. These two parents have
contrasting adult-plant responses to stem rust (including races in Ug99-lineage), therefore, they

are a suitable pair for simultaneous breeding for both stressors.

The fourth objective was to dissect the effects of Oz and CO. concentration, exposure
timing and duration on the disease components of stem and leaf rusts on winter wheat.
Consistent disease increase of both leaf and stem rust of wheat were evident under near-
ambient but not under relatively high Oz concentrations. The Oz-induced disease increase was
more pronounced with increased susceptibility to the pathogen, and was associated with larger
pustule size, and accelerated pustule formation, which are characteristics likely to increase rust
epidemics.
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1. General Introduction

Sustainable increase in wheat (Triticum aestivum L.) production is needed for attaining
global food security. This sustainability requires resilient wheat cultivars that can cope
simultaneously with major biotic and abiotic stresses, while maintaining healthy phytobiomes,
and high yield. The rapidly evolving rust pathogens and the elevated ambient ozone levels (E-
03) are two concomitant threats and limiting factors to wheat production worldwide. However,
they are not addressed simultaneously, despite of the necessity and the potential, under current
limited resources. This is due to the lack of information needed in two main areas: (1) the
relative Oz responses of key wheat breeding materials, and the genetic control and markers
associated with these responses, and (2) the effects of Oz responses of wheat cultivars on wheat
interactions with rust pathogen, under current and future carbon dioxide (CO2) concentrations.
This dissertation aims at identifying and addressing some significant knowledge gap in these

two critical areas.

1.1. Relative Oz responses of key wheat breeding materials, and the genetic

control and markers associated

1.1.1. Elevated Ozone (E-Os) and Climate Change

Climate change is defined as the change in the state (i.e. mean or variability) of the
climate that persists for an extended period (decades or longer) due to natural internal processes
(e.g. the solar cycles and volcanic eruptions) or external forcings (e.g. persistent anthropogenic
changes in the composition of the atmosphere or in land use) (IPCC, 2014a). While climate is
changing continuously, many of the currently observed changes in global climate are
unprecedented over decades to millennia and they are different from previous changes (IPCC,
2014b). This is because the current changes are mainly due to anthropogenic activities rather
than natural processes. These human derived external forcings have led to increased global
warming gases in the atmosphere, at relatively high rates of increase comparing to previous

naturally driven climate changes (IPCC, 2014b). Ground level Os is one of these global



warming gases that imposes eminent threat to humans, animals and plants, as well as their

biological and physical environments (De Kok et al., 2016).

Ozone is a colorless gas has been associated to electrical storms during all the human
history, yet it was first identified and named as a distinct chemical compound by Schénbein in
1840, and its molecular formula as a triatomic Oxygen molecule was determined in 1865 by
Soret and confirmed by him in 1867 (McElroy and Fogal, 2008). The name Ozone was
derived from the Greek word ozein which means “to smell”, due to its slightly sweet, water
melon-like odor, that could be recognized at very low concentrations as low as 7.6 - 36 ppb
(Iriti and Faoro, 2009).

Ozone in the atmosphere is spatially classified into two pools: stratospheric Oz (also
known as ozone layer) and tropospheric or ground level Os (also known as surface Os or
ambient Oz). Unlike the protective Oz naturally formed in the stratosphere, Os in the ground
level layer of the troposphere is a secondary air pollutant and a greenhouse gas, associated with
human hospital admission and mortality (Schwartz, 2016), as well as phytotoxicity (Li et al.,
2015). The phytotoxic effects of Oz were recognized as early as 1958, when atypical diseases
symptoms were observed on ponderosa pine needles in the near of Los Angeles, and on tobacco
leaves in the eastern USA, which were attributed to photochemical smog containing ozone as

the major phytotoxic component (Heggestad and Middleton, 1959).

1.1.1.1. Formation, life time, transmission, removal and deposition of

Tropospheric Os

Ground level tropospheric Os at a given location could be classified into three origins:
(1) stratosphere-originated, (2) long- or short-term transmitted, and locally originated O3
(Cooper et al., 2014). In the year 2000, the total tropospheric Oz budget were estimated to be
about 5650 Tg, of which, 5100 Tg were estimated to be chemically produced in the
troposphere, and 550 Tg were estimated to be originated from the stratosphere (Stevenson et
al., 2006). In the same year 4650 Tg were chemically removed, whereas 1000 Tg were

removed by dry deposition to dry surfaces and ecosystem fluxes (Stevenson et al., 2006).



The only reliable quantitative ozone measurements from preindustrial non-
anthropogenic O3 levels in the late 19" century were made at Montsouris near Paris where
ozone averaged 11 + 2 ppb from 1876 to 1910 and maximum concentration during the 19"
century occurred during spring (Volz and Kley, 1988). This non-anthropogenic O3 originates
from several sources such as stratospheric Oz transferred to the troposphere, lightning, and
photochemical reactions between precursors emitted from natural sources. Oz concentrations
has been increased over the 20" century due to human activities, with highly variable localized
peaks that shifted towards summer (Cooper et al., 2014). These local concentrations are
determined by precursors’ concentrations, baseline Oz concentrations (O3 concentrations in
free-air before being affected by local Os formation), local peak Os concentrations, and

seasonal cycle (Colette et al., 2016).

Tropospheric Os is formed by photochemical reactions between nitrogen oxides (NOx)
and non-methane volatile organic compounds (NMVOC) (Booker et al., 2009). These
reactions are dependent on the sun light, concentration of precursors and the ratio between
them, and favored by high temperatures and stagnant weather condition (Khoder, 2009;
Madkour and Laurence, 2002). Besides the precursors’ concentrations, weather and
meteorological conditions are major factors controlling stratosphere-troposphere Oz exchange,
long- and short-term Oz transmission, and local Os formation, which eventually determine
local O3 concentrations. Local Oz formation is also highly dependent on the ratio between the
two major precursor groups (NOx and NMVOCs), as unbalanced ratios result in titration effect
of the dominant precursor removing Oz that is already formed (Monks et al., 2015), especially
if NOy is the dominant precursor (Archibald et al., 2011). Therefore, in some areas, Os
formation could be NOx-limited or VOC-limited (Chang et al., 2016).

Ambient Oz pollution is a diverse problem both spatially and temporally. Spatial
variations in Oz levels result from the relative location of sources of the precursors, and the
ratio between them (NOx/VOCs) (Khoder, 2009). Whereas, the temporal variations result
mainly from the changes in precursor emission (e.g. weekend phenomenon), meteorological

effects (e.g. stagnant weather conditions and inversion layer formation), temperature and sun



light, all of which are contributing to seasonal and diurnal variations in Oz levels (Khoder,
2009). Tropospheric Oz levels usually are low in the morning and increase after sunrise to
achieve the peak in the afternoon and evening (Wang et al., 2008). Similarly, O3
concentrations in the northern hemisphere are usually low in winter and increase in spring to
reach the peak in summer (Fiore et al., 2009). These two types of Oz peaks coincide with high
plant activity during the day, and growing season for most of the major crops in spring and

summer.

Os is not only an urban pollutant, as it is transmitted along with its precursors to sub-
urban and rural areas, where humans, animals and plants are experiencing higher O3
concentrations (Sicard et al., 2016). The lifetime of Oz molecules are 22+2 days in the
troposphere, which allow regional and hemispheric-scale transmission (Stevenson et al.,
2006). For example, O3 transmitted from significant sources in Asia seems to be contributing
to increased background Os levels in remote areas with low or decreased precursors’ emissions
in Europe and North America (Fiore et al., 2009; Sicard et al., 2016). This could be clearly
observed in the increased base-line Oz levels in the free air of the troposphere since 1970,

despite the reduced precursors’ emission in Europe and North America (Cooper et al., 2014).

Ground level Oz showed varied regional trends from 1990 until 2010 (Monks et al.,
2015). In Western Europe, ambient Os levels increased in the 1990s then leveled off or
decreased after 2000, meanwhile, rural O3 levels in eastern USA have decreased in summer,
leveled off in spring, but increased in winter (Cooper et al., 2014). This decrease is mainly
due to the decreased precursors’ emission (Monks et al., 2015). Contrarily, in the western
USA more than half of the rural sites showed increased Oz levels in spring (Cooper et al.,
2014). Shifts in the high Oz peaks season has been observed since 1970s, as peaks tends to
shift (3-6 days/decade) to take place earlier during spring, becoming more similar to the
preindustrial trend (Cooper et al., 2014; Parrish et al., 2013).

The yearly average surface O3 base line, measured in the marine boundary layer, of

rural or remote sites of the northern hemisphere, during the period 2005-2010 ranged from 29-



49 ppb (Cooper et al., 2014). Ogz levels increase from sea level with the increase in altitude as
values measured at higher altitude from different parts of the world ranged from 37-59 ppb
(Cooper et al., 2014). In both of the previous data sets, the highest concentrations were
recorded in western Japan, due to its location immediately downwind of precursor emissions
from continental East Asia where ozone has increase rapidly since 1980, and is expected to
continue increasing until 2050 (Lee et al., 2014). Os concentrations in urban polluted areas all
over the world are significantly higher than base line, especially in China, where midday
summertime (June, July, August) median ozone mixing ratio of 75 ppb is common (Cooper
etal., 2014).

1.1.1.2. Deposition, diffusion, and flux of tropospheric Os into plant canopy

and tissue

After being formed in the atmosphere, Oz molecule could be scavenged or removed
from air by several mechanisms, such as UV interception, rain, deposition to dust particles and
soil or and chemical reactions with other gases such as NOy and VOCs (Fares et al., 2012).
Because of its lifetime (about 22 days), Oz could also be transferred and diffused into plant
canopy, where Oz molecule could be titrated by plant produced VOCs (biogenic VOCs), or
could be deposited onto plant cuticle (Monks et al., 2015). Limited dry deposition onto cuticle
(Cape et al., 2009), makes Oz flux through dry cuticle effectively negligible (Kerstiens and
Lendzian, 1989). However, cuticle deposition may represent a major sink for Os if the
receptive canopy is wet (Altimir et al., 2006), because of its relatively high solubility in water
(10 times more than COz) on leaf surface (Zuccarini, 2009), which enables it to penetrate into
the leaf, when this water is absorbed via stomata. This could increase the effective O3 flux into
the leaf causing acute symptoms at Oz levels expected only to cause chronic effects (Altimir
et al., 2006). However, in some cases water films over leaves may reduce deposition (Monks
et al., 2015). The Oz molecule could also be titrated close to soil surface by NOy emitted
(Monks et al., 2015).



O3 molecules could also penetrate directly through opened stomata and dissolve into
reactive oxygen species (ROS), including singlet oxygen (*O2), hydroxyl radicals (HO"),
superoxide (O27) or hydrogen peroxide (H20.), in the apoplast (Miller et al., 2010). These
ROS react directly in the apoplastic fluid with extracellular proteins, the cell wall and/or
plasma membrane (Pellinen et al., 1999; Vahisalu et al., 2010). Under moderate external O3
concentrations, the influx of Oz and ROS generated during the early phase will be detoxified
by the apoplastic antioxidants capacity (such as ascorbate). However, under high external Oz
concentrations, high stomatal conductance, low mesophyll resistance to gas diffusion, late
and/or partial stomatal closure response, late and/or insufficient antioxidant response, the
influx of Oz during the early phase exceeds the apoplastic antioxidant capacity to detoxify ROS

formed from Oz degradation (Vaultier and Jolivet, 2015).
1.1.1.3. Perception of Os stress in plant tissue

ROS produced by Os dissolution in the apoplast probably do not directly enter the cells
to activate ROS-generating systems. Current evidence suggests the initial ROS formation
activates the heterotrimeric Gfy-protein directly or indirectly, via oxidation at the cell surface.
Changes induced by Os or Os-dervitives in cell wall, or changes induced by cell wall derived
H>0> in the apoplast are possible initial steps of Oz-stress signaling (Vaultier and Jolivet,
2015).

Extracellular ROS detrimentally affect the plasma membrane through lipid
peroxidation damage of membranes, and formation of gel-phase lipids that increase leakiness
and cause higher membrane permeability and rapid loss of K* (Heath and Frederick, 1979).
Some of the oxygenated lipids do not remain anchored in membranes, but are released (e.g.
Oxylipins), and may work as signaling molecules (e.g. jasmonic acid). Cysteine-rich receptor-
like kinases (CRKs) are membrane-localized kinase proteins with extracellular domains at the
interface between the cell wall and the plasma membrane. CRKs are sensitive to redox

modifications and have transmembrane domains, so that, they act as extracellular-ROS sensors



for Oz signal perception at the cell surface (Vaultier and Jolivet, 2015; Wrzaczek et al.,
2010).

The reaction of non-biological ROS (derived from the degradation of Oz in the leaf
apoplast) with the extracellular ascorbate pool causes relative increases in cytosolic calcium
[Ca?*]eyt. This proportional increase in [Ca®*]¢y induces the Ca?* influx and the activation of
an anion channel. In turn, the Ca?" activates anion channels causing plasma membrane
depolarization and subsequently, Oz signal amplification by activating a plasma membrane
NADPH-oxidase (Kadono et al., 2010). H20. resulting from NADPH-oxidase activity
increases [Ca®"]qyt by activating the plasma membrane Ca?* channels, acting as a feedback loop
on anion channel activation in a biphasic calcium signal (Kadono et al., 2010). This short-
lived, spike-like elevation in [Ca?*]cy, followed by the smaller and more prolonged increase is
an Os-induced calcium signature (Short et al., 2012).

1.1.1.4. ROS intracellular perception and Active production

When ROS formation from Oz exceeds the apoplastic antioxidant capacity, an
endogenous, active, self-propagating ROS generation tacks place. This active oxidative burst,
which continues after the end of the Os exposure is similar to the one observed in
hypersensitive response (HR) that takes place in host-pathogen incompatible reactions, and
leads to the programmed cell death (PCD) (Kangasjarvi et al., 2005). Oz intracellular
signaling goes through three processes, perception, transduction, and response induction by
the network of regulatory mechanisms in the cells affected. It involves at least three separate
signaling cascades downstream of the perception of Os. First, Gg or Gg, signaling to the
chloroplast (Joo et al., 2005). Second, the activation of MAP kinases by Oz (Joo et al., 2005).
Third, G, subunit required for Os-lesion formation (Booker et al., 2004; Joo et al., 2005).

Os-induced ROS production starts first in the chloroplasts of the stomatal guard cells,
and spreads later to the adjacent cells (Joo et al., 2005). The early chloroplastic oxidative burst
is a result of signaling through the Gg,-protein complex that is perceived in the chloroplast

(Kangasjarvi et al., 2005). This triggers ROS production in the chloroplasts of the guard cell.



This intracellular ROS are likely to be sensed through accumulation, which alters the redox
balance of the cell (Van Breusegem et al., 2001). This first peak of ROS is perceived by the
G, protein that activates NADPH oxidases on the plasma membrane to produce extracellular
ROS (second peak), which spread to the adjacent cells and is perceived by Gg,-protein
complex, mediating the intercellular signaling, which in turn, repeats the two peaks cycle again

in the neighboring cells (Kangasjarvi et al., 2005).
1.1.1.5. Activation of MAP kinase cascades and Ethylene production

The activation of mitogen-activated protein kinase (MAPK) cascades also starts within
minutes from the beginning of Oz exposure in parallel to G-proteins; however, it is independent
from the G-protein pathway and does not involve G-proteins. It also does not appear to be
directly involved in the activation of ROS production, since it takes place in both Os-sensitive
and -tolerant accessions (Kangasjarvi et al., 2005). Activation of MAP Kkinases by
phosphorylation generally leads to nuclear localization of transcription factors and their
activation by the MAPK. Among MAP kinases, AtMPK6 and AtMPK3 are rapidly activated
by Os. The activation of AtMPKG6 results in increased ethylene synthesis only in the sensitive
accessions. The down-regulation of ethylene synthesis is slower or less efficient in the Os-
sensitive accessions comparing to the tolerant ones (Kangasjarvi et al., 2005). The
endogenous, cell death-driving ROS production triggered by Os is ethylene-dependent (Kanna
et al., 2003).

1.1.1.6. Development and spread of visible Os-lesions

Ethylene and salicylic acid (SA) are needed for the development of the visible Os-
lesions. The endogenous, cell death-driving ROS production triggered by Os is ethylene-
dependent (Kanna et al., 2003). Ozone exposure induces SA synthesis within a few hours
after the beginning of the exposure. ROS production drives the SA-dependent cell death. SA
has a vital role in cell death, and that without SA, active PCD is not initiated in Oz- exposed
plants. Lesion propagation is clearly an ethylene-dependent process (Kangasjarvi et al.,
2005).



1.1.2. Potential plant tolerance mechanisms to Elevated Ozone (E-Os)

1.1.2.1. Canopy architecture

Plant canopies with higher leaf area index (LAI) had lower Oz concentrations in the
lower canopy than canopies with lower LAI (Finkelstein et al., 2004). This means that canopy
closure could give some protection to the lower canopy with older and more sensitive leaves,

which may lead to more tolerance.
1.1.2.2. Cuticle modification

Epicuticular waxes are directly in contact with atmospheric Oz, so that, they are
putative sites of primary perception. However, Osz-induced alterations to these epicuticular
waxes had no effect on O3 responses in most of the cases (Vaultier and Jolivet, 2015). In
contrast, comparative metabolite profiling among birch genotypes showed that some
compounds related to leaf cuticle wax formation could provide growth-related tolerance to Os

(Kontunen-Soppela et al., 2007).
1.1.2.3. Regulation of Os flux to leaves (stomatal control).

The magnitude of ROS from Oz breakdown in the apoplast of plant leaves is determined
by the amount of Oz entering the leaf through stomatal opening, and the apoplast antioxidant
capacity. The early responses guard cells to Oz stress determine the flux into the leaf. Plants
responding to Oz with adequate stomatal responses are more likely to be more tolerant.
However, Oz is known to interfere with guard cells functions, and therefore stomatal
conductance. Oz-induced ROS in the guard cells were found to induce stomatal closure and/or
inhibit of stomatal opening, eventually decreasing stomatal conductance, which is considered

a plant protective mechanism (Hill and Littlefield, 1969).

There are several different mechanisms, by which O3z induces stomatal closure in
different plant species (Kangasjarvi et al., 2005). This response may protect plants against

short-term O3 peaks, or long term mild ozone stress, if accompanied by effective Oz scavenging



mechanisms in the apoplast. However, stomatal closure is restrictive to gas exchange;
therefore, Os-induced stomatal closure counteracts CO> absorption and O release required for
photosynthesis, as well as, transpiration needed for evaporative cooling under heat stress. For
example, Os-induced stomatal closure in Siebold's beech during early summer reduced ozone
influx and allowed the maximum photosynthetic capacity to be reached, but was not sufficient

to protect the photosynthetic system in late summer and fall (Hoshika et al., 2013).

E-Oz is also known to inhibit stomatal closure of sensitive plants by inducing ethylene
production that suppresses ABA role in stomatal closure (Wilkinson and Davies, 2009;
Wilkinson and Davies, 2010; Wilkinson et al., 2011). Varieties with less ethylene production

under Os stress will have better stomatal control of O3 flux.

1.1.2.4. ROS detoxification by ascorbate (ASC) in the apoplast and cell wall
repair and protection

Early detection and quick responses upon Os penetration are essential for tolerance. It
requires the combination of stomatal control of ozone flux, adequate total capacity for
scavenging of ROS, and re-equilibrium of detoxification system. In addition, metabolic
changes are required to allow enough supply of reducing power and carbon skeletons for repair
and detoxification. These functions are required for Os tolerance despite the decrease in
photosynthetic activity. It is clear that these acclimation responses are effective only against
short-term peaks, and cannot continue for extended periods as those encountered under chronic
exposure, because the continued O3z flux will reduce carbon availability, in addition to the
increase in demand for reducing power and energy. All these will leads to disequilibrium and
to cell death (Dizengremel et al., 2009). Increased cell wall lignification, and the up-regulation
of the phenyl-propanoid pathway in leaves under long-term ozone exposure are some examples
for repair and acclimation mechanisms (Cabane et al., 2012).

There are some exceptions to the previous conceptualization; a comparison between
the two tolerant/sensitive clones of white clover indicated the presence of other factors - than

ascorbate - that play a role in ROS detoxification and cell wall repair in the apoplast (D’haese
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et al., 2005). This was based on the lack of Oz protection provided by higher ascorbate content

in the sensitive clone (NC-S) than in the tolerant clone (NC-R) which had lower ascorbate.
1.1.2.5. Plasma membrane

Activation of phospholipases by Os-induced H2O. counteracts the oxidation of
membrane unsaturated fatty acid and results in phosphatidic acid, which decreases H20--
promoted programmed cell death (Zhang et al., 2003). Oxylipins derived from oxygenation
of polyunsaturated fatty acids of plasma membrane works as key signaling molecules that
mediate Ogz-stress control mechanisms. JA, the plant hormone is an example of oxylipin, that
gradually controls Os-induced programmed cell death in sensitive reactions making them

gradually less sensitive (Santino et al., 2013).
1.1.2.6. Containment of the visible Os-lesions

Two different hormonal mechanisms can be suggested to be responsible for the
containment of lesion spread. Ethylene itself can contribute to the containment of the ethylene-
dependent Os lesion propagation since ethylene causes desensitization of the cells to its own
action (Wang et al., 2002). The ethylene receptor acts as a suppressor of ethylene signaling
when it is not in contact with the hormone and this suppression is released after ethylene binds
to the receptor. Thus, the Os-induced synthesis of new ethylene receptor proteins could lead to
decreased ethylene sensitivity and down-regulation of ethylene-dependent lesion spread. The
down-regulation of ethylene synthesis seems to be slower or less efficient in the Os-sensitive
accessions (Kangasjarvi et al., 2005).

In the oxidative cell death cycle, jasmonic acid (JA) and methyl jasmonate (MeJA)
protect tissues from ROS-induced cell death and thus counteract the effects of SA and ethylene.
Os-induced cell death was inhibited when tobacco plants were pretreated with jasmonate with
similar results found in Arabidopsis (Orvar et al., 1997). Jasmonate treatment also reduced
the amount of SA produced in response to ozone (Rao et al., 2000). JA’s antagonism to cell

death is mediated at least partly through its effect on SA. JA also antagonizes ethylene
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signaling. This interaction is mutually antagonistic, since ethylene also inhibited JA-induced
gene expression (Tuominen et al., 2004). JA affects ethylene signaling at the receptor level
by decreasing ethylene sensitivity in a receptor-dependent manner. Therefore, JA induce up-
regulation of an ethylene receptor isoform (Schenk et al., 2000).

At the tissue level, the balance between ethylene, SA, and JA signaling probably shifts
temporally and spatially, so that the SA- and ET-driven processes prevail in the first cells
affected by Os. Nevertheless, the further away from the site of initiation, the JA pathways
become increasingly more induced to overcome the first processes and containment of cell

death follows (Kangasjarvi et al., 2005).

1.1.3. Wheat responses to Os Stress

1.1.3.1. Wheat Importance

Wheat is a key crop for global food security, and the staple food for 30% of the world
population, with 711 million tonnes produced in 2013, around 44% of which produced in Asia
(FAO, 2016). It provides 21% of the food calories consumed globally and 20% of the protein
to more than 4.5 billion people in 94 developing countries (Braun et al., 2010). In some
countries, such as those in North Africa, per capita consumption of wheat is as high as 240 kg
per annum, provides nearly 55% of the carbohydrates (Joshi et al., 2011). By 2050, the world
will need 70% more food, nearly 4 billion tonnes of cereals, most of which are needed in
developing countries (Shiferaw et al., 2013; Tester and Langridge, 2010).

1.1.3.2. Wheat Evolution

Wheat is one of the oldest and most widely cultivated food crops worldwide. In 2013,
it was grown on approximately 218 million hectares, representing 15.5% of the arable land in
the world, nearly half of it in Asia (FAO, 2016). It is adapted to a wide range of environments,
from the equator to latitudes of 60°N and 44°S, and at altitudes ranging from sea level to 3000
m (Singh et al., 2011). The widespread and adaptation of wheat could be attributed to its large
sized (17 billion base pair) and complex genome.
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Wheat has an allohexaploid genome, consists of three closely related, diploid
subgenomes, AA, BB and DD (Eversole et al., 2014). The A and B genomes diverged from
a common ancestor around 7 million years ago. Genome D evolved from A and B genomes 1-
2 million years later, through homoploid hybrid speciation (Marcussen et al., 2014). Around
0.36-0.5 million years ago, a tetraploid (AABB) species evolved through hybridization
between two diploid species, the first is an einkorn wheat, similar to modern Triticum urartu
(genome AA), which resembles cultivated wheat - morphologically and in spike and seed
development - much more than any of its other progenitors (Ling et al., 2013). The second
diploid species is an extinct or undiscovered goatgrass species, closely related to the Sitopsis
section of Aegilops (genome BB) (Haider, 2013). This tetraploidization lead to the primitive
form of domesticated tetraploid wheat, closely related to Triticum turgidum subsp durum,
(genomes AABB). The allohexaploid bread wheat (Triticum aestivum L., 2n = 6x = 42
chromosomes; genomic code AABBDD) has evolved around 10 thousand years ago in the
Fertile Crescent (Heun et al., 1997; Salamini et al.,, 2002). It was a result of an
allohexaploidization between the primitive tetraploid wheat and a goatgrass (Aegilops
tauschii), which contributed genome DD, and led to the formation of bread wheat (Marcussen
et al., 2014).

This complex genome of wheat has evolved since the divergence at hexaploid level.
Comparison of chromosome based sequences across the genomes showed dynamic gene gain,
loss, and duplication since their divergence, without a high degree of transcriptional autonomy
or global dominance for any of the subgenomes (Mayer et al., 2014). This was accompanied
by high sequence similarity of each of the subgenomes to wheat relatives, with retained
structural conservation and limited gene loss (Mayer et al., 2014). However, the tetraploid
subgenomes (AABB) retrieved from hexaploid common wheat showed higher transcriptome
expression (Zhang et al., 2014) and less DNA methylation when compared to cultivated and
wild T. turgidum (Liu et al., 2015a). These changes to the subgenomes as part of the

allohexaploid and their subsequent adaptation might be what made wheat a very diverse crop.

13



1.1.3.3. Wheat Classes and Diversity

Wheat is a very diverse crop; varieties are visually classified according to the
endosperm texture or hardness (soft or hard) and color (white or red), as well as, growth habit
(winter or spring) (Thomason et al., 2009). Hardness is determined by the strength of binding
between the starch granules and the protein network surrounding them. Soft wheat has loose
binding between starch and protein matrix, due to lower protein percentage, usually less than
10%, which makes it easy to grind, and gives soft-texture flour, suitable for high dense products
baked to low moisture content, such as cookies and crackers. Hard wheat has stronger binding
between starch and protein matrix, due to higher protein content (about 12%) which makes it
more difficult to grind, and produces a coarse-texture flour, with more broken starch granules
with high water uptake and provides more fermentable sugars for yeast, and therefore more

suitable for yeast-leavened bread, such as pan bread (Thomason et al., 2009).

The growth habit of wheat is determined by the vernalization requirement, and freeze
and heat tolerance. Vernalization is extended exposure to cold temperatures at seedling stage
that is required for flowering induction (Roll-Hansen, 1985). Winter wheat is more freeze
tolerant and requires vernalization to flower, however, it is less heat tolerant, and extended
heat stress could result in devernalization, and failure to switch from vegetative growth to
flowering. Spring wheat is freeze sensitive, and suffers from “winter kill” which is the death
of some stems when exposed to freezing stress. However, it more heat tolerant and flowers

without vernalization.

In the United States, there are five main classes of bread wheat, [in addition to durum

wheat (Triticum turgidum subsp durum)] (Thomason et al., 2009). These classes are:

1- Soft Red Winter Wheat (SRW): Suitable for high rainfall areas, such as the Mid-Atlantic
region. It has low protein content (less than 10 %), usually used for cookies, crackers, and
flat breads.
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2- Hard Red Winter Wheat (HRW): Suitable for semi-arid regions, such as the Plains states.
It has a wide range of protein content (averaging about 12%) percent, usually used for pan

bread, rolls, and general-purpose flour.

3- Hard Red Spring (HRS): Suitable for the Midwest. It is used for croissants, rolls, bagels
and pizza crust. It is also used to improve flour blends for bread and Asian noodles.

4- Soft White: Suitable for the Pacific Northwest, low protein content (less than 10 %),
usually used for making cakes, muffins, cookies and pastries.

5- Hard White: Suitable for Central and Western states, low protein content (less than 10 %),
usually used for making cakes, muffins, cookies and pastries. The newest wheat class of
the US, closely related to the HRW, usually used in Asian noodles, hard rolls, bulgur, and

yeast breads.

There are increasing efforts aiming at breeding in HRW wheat varieties adapted to the
mid-Atlantic region, to provide local sources of bread flour, and save the consumers the

transportation costs of transferring the HRW from the plains states (Thomason et al., 2009).

1.1.3.4. Wheat sensitivity to Os

Wheat is one of the most sensitive crops to Ogz, at all growth stages (Singh and
Agrawal, 2010). Ozone effects on wheat plants include changes in antioxidant capacity
(Biswas et al., 2008a), changes in stomatal conductance (Feng et al., 2012; Hassan, 2004;
Pleijel et al., 2006), and reduced photosynthesis (Biswas et al., 2013; Meyer et al., 2000;
Wattal and Siddiqui, 2015). Ozone could also cause chlorotic and/or necrotic visible
symptoms (Mills et al., 2011) and hastened leaf senescence (Burkart et al., 2013; Gelang et
al., 2000; Ojanpera et al., 1998). These effects are usually reflected on biomass, grain, and
protein yield reductions (Amundson et al., 1987; Feng et al., 2012; Hassan, 2004; Heagle et
al., 2000; Mills et al., 2011; Ojanpera et al., 1998; Singh and Agrawal, 2010; Van
Dingenen et al., 2009), the magnitude of these effects is dependent on the dose and genotype

sensitivity.
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Current Oz levels during wheat growing season are high enough to cause average global
yield reduction of 7-12 %, and this is expected to continue in the future to reach 9-18 % by
2030 (Avnery et al., 2011a; Avnery et al., 2011b; Feng and Kobayashi, 2009). However,
these effects of Oz on wheat are not uniform across the world, as the highest yield reductions
are usually experienced in developing and heavily populated countries, such as China and
India, and these reductions are expected to continue and even increase (Feng et al., 2012;
Singh and Agrawal, 2010; Van Dingenen et al., 2009).

In general, wheat is known to be more sensitive than other cereal species (Selldén and
Pleijel, 1995). Oat (Arena sativa L) is considered relatively insensitive (Pleijel et al., 1994),
However, two spring oat varieties were found to have similar Oz responses to two spring wheat
varieties, and none of them appeared to be Os sensitive (Hartikainen et al., 2012). On the
other hand, Barley (Hordeum vulgare L) is considered an Os-insensitive crop (Mills et al.,
2007; Selldén and Pleijel, 1995).

A meta analysis of the yield responses reported in 53 studies (1980 and 2007) did not
find yield differences due to the growth habit (Feng et al., 2008). However, these authors came
to this conclusion despite the fact that winter wheat showed similar negative responses at 20%
higher concentrations than spring wheat, which should indicate that winter wheat is more
tolerant to O3 than spring wheat. Meanwhile, spring wheat was more sensitive in terms of O3
effects on chlorophyll content, which might be an indicator for greater visible symptoms,
which was not considered in this particular comparison of the meta-analysis. The reported Osz-
induced stomatal closure in spring wheat and the reduction in chlorophyll content are indicators
of an over-reaction to Os stress through restricting gas exchange which might have resulted in
lower photosynthesis and reduced chlorophyll maintenance. This is more likely than ROS-
induced chlorophyll destruction. Differences among varieties have been reported within both
spring (Barnes et al., 1990; Pleijel et al., 2006; Velissariou et al., 1992), and winter wheat
(Biswas et al., 2008a; Biswas et al., 2008b; Biswas et al., 2013).
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Because O3 in known to induce senescence, and the role of antioxidant capacity of the
tissue in tolerance, Oz symptoms on wheat usually develop first on the older leaves, which are
in the lower canopy, and from the tip of the leaf, where the older tissue is located. In addition,
wheat yield is more sensitive to Oz exposure during grain filling stage than younger stages
(Fiscus et al., 2005).

Reported trends in ground level O3 concentrations in different regions around the world
(Cooper et al., 2014; Lee et al., 2014; Monks et al., 2015; Parrish et al., 2013) indicate that
Os will continue to be major challenge to wheat production all over the world. In China, O3
levels are increasing O3z throughout the entire wheat-growing season, and are expected to
continue increasing until 2050. In the western USA, winter and spring are experiencing
increasing Os levels, despite the decrease in summer, with peaks shifting more towards the
important wheat grain-filling stage near the end of the season, in late spring. Increased levels
in winter, without major changes in the already high concentrations in spring, suggest that Os
stress on wheat grown in eastern USA is not decreasing. In Western Europe, ambient Oz levels

leveled off or decreased after 2000, at levels already high enough to impact wheat.

Yearly average baseline Oz at rural or remote sites of the northern hemisphere (29-49
ppb) increase to even higher levels (37-59 ppb) with increasing altitude from sea level (Cooper
et al., 2014) indicates that wheat is Os stressed nearly everywhere grown. This stress is even
higher near polluted areas where high Os concentrations are common. Therefore, future wheat

varieties with Os tolerance are critical for maintaining or increasing wheat yield.

Os also affects wheat interactions with abiotic stresses such as drought. For example,
Os-induced ethylene interferes with stomatal closure and causes reduced drought tolerance
(Wilkinson et al., 2011). This results in increased yield reductions under combined drought
and Os stress when compared to drought alone (Xu et al., 2007). Cross-tolerance to Oz and
drought was not observed in wheat (Biswas and Jiang, 2011). In addition, Oz affects wheat
interactions with soil microorganisms, changing their processes and community structure. Five

years of elevated Oz stimulated soil N availability, but suppressed grain yields (Chen et al.,
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2015). This was due to increased NH4" availability and decreased microbial ability to retain
NH.4", which increases nitrogen losses. However, these effects were less pronounced in Os-
tolerant than Os-senstive cultivars. Soil microbial communities in wheat fields are indirectly
affected by Os treatment, and these effects are dependent on the Oz response of the wheat
cultivar grown (Li et al., 2012). When treated with Os, the tolerant varieties had more influence
on soil biota than sensitive varieties, which may have influenced soil organic matter

decomposition, nutrient turnover, and probably greenhouse gas emission.

1.1.3.5.  Factors limiting wheat breeding for Os tolerance

Despite the necessity and the potential for breeding Os-tolerance wheat cultivars, the
breeding efforts in this critical area for global food security are very limited for the following

reasons:

1.1.3.5.1. The lack of awareness that plants are more sensitive to Os than

humans are.

Although it has been known for several decades that plants are more sensitive to O3
than humans are, the implementations are yet generally recognized. A clear sign of this
problem is the lack of Oz monitoring stations in agricultural areas in many parts of the world.
Monitoring Os in agricultural rural areas is critical for quantifying effects on plants, animals,
and human in those areas, as Os effects experienced in rural areas are higher than in urban
areas (Monks et al., 2015). Another sign is the absence of Oz monitoring parameters and
summaries routinely released that would reflect the effects on plants. Because wheat plants are
exposed to Oz throughout their entire growing season, they accumulate Oz damage. Extended
periods of exposure require estimating Oz cumulative doses and communicating those
estimates with growers. Current air quality standards consider Oz levels below 50 to be within
the good air quality category (US EPA, 2016). However, 40 ppb is the threshold for plants,
and known to cause significant yield reductions to sensitive crops such as wheat (ICP
Vegetation, 2011).
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1.1.3.5.2. The misperception of the scale of the problem for wheat

production.

Wheat is one of the most sensitive crops to Os, at all growth stages (Singh and
Agrawal, 2010). Ozone effects on wheat plants are taking place at a global scale, however,
they are more significant in developing countries, where food security is already endangered
and more food production is needed (Shiferaw et al., 2013; Tester and Langridge, 2010). Os
transport ranges from local to hemispheric scales with increasing baseline Oz worldwide,
including areas where emission of precursors has been controlled and reduced. This dynamic
indicates that E-Oz will continue to be a problem on a global scale (Cooper et al., 2014; Lee
et al., 2014; Monks et al., 2015; Parrish et al., 2013).

1.1.3.5.3. The expectation that active selection for Os tolerance is not
needed, as inadvertent or natural selection for Os-tolerance is taking
place, as a result of having diverse wheat varieties encountered by O3

stress worldwide every season.

Unlike elevated CO- that undergoes a gradual increase in atmospheric concentrations
due its long lifetime, E-Oz is a diverse problem both spatially and temporally, due to its short
lifetime, and the wide variety of factors controlling Oz concentrations over time and space.
These variations offset the consistent O3 selection pressure required for conventional breeding
procedures to make breeding progress (Ainsworth et al., 2008). In addition, wheat is an
annual crop, harvested and planted every year, which does not allow natural selection to occur
as in the case of perennials (Barnes et al., 1990). Furthermore, Oz symptoms on wheat could
be easily confounded by other stresses or misdiagnosed, which prevent growers and breeders
from establishing the required connection between yield loss and Oz damage. Without
recognizing the cost of Oz sensitivity, growers and breeders will not be selecting varieties to
be grown or used for breeding based upon the Os responses. This problem was confirmed by
the fact that modern wheat varieties are more sensitive than older ones (Biswas et al., 2008b;

Biswas et al., 2013; Pleijel et al., 2006). This is a result of selecting the new cultivars for high

19



stomatal conductance, and less mesophyll resistance to gas diffusion, and consequently higher
photosynthesis (Biswas et al., 2008b; Biswas et al., 2013), which enhances Oz uptake
resulting in greater Os sensitivity, especially when selection is conducted under inconsistent
O3 pressure (Ainsworth et al., 2008).

1.1.3.5.4. The lack of information on the phenotypic diversity of Os

responses among key breeding material.

Although differences in Oz responses were documented among wheat varieties (Biswas
et al., 2013; Mills et al., 2011; Wilkinson et al., 2011), there is a lack of information on O3
responses of key varieties currently used for agricultural production, and as parents for
breeding future cultivars. Differential Os responses are documented among wheat varieties
(Biswas et al., 2008b), indicating the importance of identifying the relative O3 responses of
varieties to be used in breeding programs, studying O3 effects on wheat performance, and the
interactions with other phytobiome components. Winter wheat should be considered as a
source of Os tolerance for spring wheat. There are reports from different parts of the world
showing increased Os-sensitivity in modern varieties of both spring (Barnes et al., 1990;
Pleijel et al., 2006; Velissariou et al., 1992), and winter wheat (Biswas et al., 2008a; Biswas
et al., 2008b; Biswas et al., 2013). However, there is limited information on the difference in
O3 responses between soft and hard red winter wheat cultivars, and the trends in Oz response

over time.

Screening the Oz responses of breeding material that is being used in breeding programs
for other significant traits (e.g. rust resistance, heat and drought tolerance) is an important
approach to provide breeders with suitable breeding materials for O3 tolerance. It will enable
breeding varieties that are more resilient (tolerant to environmental stresses and resistant to
pathogens at the same time). It will also compensate for the striking lack in efforts and
resources currently devoted to breeding wheat for Oz tolerance (Ainsworth et al., 2008; Mills
et al., 2011), by utilizing the genotyping data generated for identifying quantitative traits loci
(QTLs) and markers associated with other traits. For example, screening plant materials used
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by the Borlaug Global Rust Initiative (BGRI) (MclIntosh and Pretorius, 2011) for breeding
for O3 tolerance could be a unique model for breeding for Os tolerance. Populations made by
crossing breeding lines bearing novel rust-resistance genes, with rust universal susceptibles

genotypes of contrasting Os response, are ideal material for such an effort.

1.1.3.5.5. The lack of information on the genetic nature and heritability of

O3 tolerance.

Despite the observed differences in Oz responses among wheat varieties, and the
current consensus that O3 tolerance is a genetically controlled trait (Barnes et al., 1999; Li et
al., 2015; Singh and Jwa, 2013), there is a severe lack of information about the heritability of
Os tolerance in wheat, and the genetic gain the tolerance delivers (Burkart et al., 2013).
Currently identified QTLs or markers associated with O3 tolerance are limited to rice (Frei,
2015; Kim et al., 2004), Arabidopsis (Brosché et al., 2010) and soybean (Burton et al., 2016).

There is only one report (Biswas et al., 2008a) on the source of Oz responses in
hexaploid wheat, which attributed the origin of O3 sensitivity in bread wheat to subgenome
DD. However, to our knowledge, there are no reports on the genetic control of Oz responses at
the chromosome level. A screening of the 21 monosomic lines (each of which lack one
chromosome) of any wheat variety against its full genome could correlate O3z response
(sensitivity of tolerance) to one chromosome. Ideal materials for this purpose are Chinese
Spring and its 21 monosomic lines. Since they were first developed in 1953, these monosomic
lines were used to associate wheat traits to specific chromosomes (Sasaki et al., 1963).
However, to our knowledge; such materials have never been used for identifying Oz genetic

control at the chromosome level.

Several studies used a doubled haploid population of the cross between Chinese Spring
(low abscisic acid) and SQ1(low abscisic acid), in an attempt to identify QTLs associated with
high yield under Os stress (Quarrie et al., 2005a; Quarrie et al., 2006; Quarrie et al., 2007).

However, the QTLs identified were generally associated with yield, but not specific to yield
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under Os stress, therefore, they were uninformative to breeders. This might due to the lack of

differential Os sensitivity of the two parents.

1.1.3.5.6. Missing the cross connections between Os responses of wheat

cultivars and many other traits of interest.

Os-induced response of wheat cultivars was shown to modulate Oz effects on nitrogen
use efficiency and nutrient availability in soil (Chen et al., 2015), in addition to soil pH (L.i et
al., 2013), and organic matter (Lu et al., 2016). O3 response also determines Oz impacts on the
structure and functionality of soil microbial communities (Li et al., 2012; Li et al., 2013). O3
sensitivity might affect plant interactions with the foliar microbiome, including major wheat
pathogens as well as beneficial and biological control agents. E-Oz was found to affect wheat
necrotrophic diseases (Tiedemann, 1992b), as well as biotrophic diseases, such as stem rust
(Heagle and Key, 1973a; Heagle and Key, 1973b), leaf rust (Dohmen, 1987; Heagle, 1975;
Pfleeger et al., 1999; Tiedemann, 1992a; Tiedemann et al., 1991; Tiedemann and
Firsching, 2000), and powdery mildew (Tiedemann, 1992a). Effects of Oz on beneficial
organisms and biological control are yet to be studied (Mashaheet, 2016). This suggests that
ignoring Os responses might result in reducing breeding efficiency for other traits. This was
evident by the complex interactions between Oz and drought responses of wheat (Biswas and
Jiang, 2011; Xu et al., 2007).

1.1.4. Parsimonious Strategies for Breeding Resilient Os-Tolerant Wheat

Global food security requires specific selection strategies to improve yield in stressed
environments (Tester and Langridge, 2010). With the limited resources available, those
strategies should make use of the current breeding efforts and materials. Wheat breeders
around the world are combating several major limitations to wheat production including
climate change, new races of rust diseases, in addition to the need for new varieties that meet
the quality needed for local market, (e.g. breeding hard red winter wheat varieties that are
adapted to eastern US). Breeding plants for Os tolerance is an attainable goal (Barnes et al.,

1999). However, the inconsistency of Os-stress pressure in the field makes the current field-
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plot evaluation practices unsuitable for breeding tolerant varieties. The limited breeding tools
for Oz tolerance hinder adding this trait to breeders’ criteria of selection. Providing breeders
with the scientific information on Oz responses of the same material they currently use might
be the most suitable and applicable procedure for breeding for O3 tolerance.

An ideal and parsimonious procedure is to screen and select for Oz tolerance in
breeding materials already known for tolerance and resistance to abiotic and biotic stresses.
Rust resistance and drought tolerance are examples for such traits. These traits have received
great attention, especially in the last two decades. Many breeding populations for these two

traits were mapped and their genotypic data could be utilized for Oz genetic studies.

In large breeding programs, Oz screening must be an outcome driven process. This is
essential to keep the costs/benefit ratio reasonable. It also will avoid the tradeoffs between
many competing priorities, such as the experiment size versus the detailed measurements, the
number of replications versus the number of genotypes tested, the number of parameters
measured and subsampling. There are different objectives for a plant breeder to pursue a
germplasm screening, each of which requires different procedure. The following are some

examples:

1.1.4.1. Exploring Os tolerance in Large Number of Wheat Breeding

Materials

When screening a large number of diverse breeding lines, it is very helpful to begin
with, a small of germplasm sub-groups that represent the diversity within the entire set. Then
select genotypes that represent each sub-group (e.g. varieties with large contribution to the
germplasm within the sub-group). It is also recommended to use varieties known as Os-
sensitive and Os-tolerant, maybe from other programs, if previous information is not available.
This will show where exactly this germplasm falls within the sensitivity-tolerance range. The
genotype release date might be another way of sorting out the germplasm, or alternatively,
used as a criterion for choosing genotypes within sub-groups. This should show differences

among and within groups and - may be - the direction of unintentional selection for/against O3
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tolerance. In this type of experiment, the use of a wide range of ozone concentrations is

recommended.

1.1.4.2. Identification of genetic markers

If the available germplasm includes any genetically mapped populations for genetic
markers (e.g. SNPs), it will be useful to screen the parents of those populations against known
Os-sensitive and Oz-tolerant genotypes. At this stage, it is recommended to use a wide range
of Oz concentrations as well as multiple parameters and growth stages to elucidate the
differences between the two parents. If the parents exhibit wide differences in Oz response,
there is an opportunity for identifying the QTL(s) controlling Os tolerance. Contrasting parents
may justify a large screening for the entire population. In such a screening, only the differential
O3 concentrations and parameters determined from the preliminary experiment should be used,
at appropriate replication and sampling regime. The optimum growth stage might differ from
one population to another. For example, if the population is segregating for growth and
development, seedling responses will be less confounded by phenological differences. In other
words, it might be good to screen seedlings before they differentially grow. On the other hand,
if there is no such segregation, then the growth stage at which the most differential Os

responses were observed should be used.

1.1.4.3. Pre-breeding Screening

Knowing the Os responses of parents selected for crosses gives the breeder some idea
about what relative range of Oz responses in the progeny. If the target breeding area is Os-
stressed, starting with tolerant parents reduces the probability of selecting for sensitivity.
Collaborators with access to Os-screening facilities could screen potential parents, if such

facilities are not available locally for breeders.

1.1.4.4. Pre-release Screening

In areas with high Oz stress, making the crosses using parents with known Oz responses

gives the breeder some idea about the relative range of Oz responses to expect in the progeny.
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Starting the process with tolerant parents reduces the probability of selecting for sensitivity, in

fact, the use of tolerant parents selects against Os sensitivity.

If the breeder is at the final phase of cultivar development, making the pre-release
evaluations of varieties descendant from parents with unknown Oz responses, a quick screening
for the parents should provide some information on whether or not the selection for Oz should
be considered. If the two parents were found to have different Oz responses, then the shortlisted
varieties along with the two parents should be screened to assure Os tolerance in the final

selection.

1.1.4.5. Validation of Seedling Screening with Os-Yield Responses

If the breeder has utilized Os tolerant parents, making pre-release yield evaluations
under Os stress is essential before claiming Oz tolerance. Although wheat tolerance to O3
visible symptoms is a desired trait that might affect wheat interactions with physical and
biological environment, a yield benefit under Oz stress must be demonstrated. This type of
validation for yield superiority under Oz stress should be conducted under open or semi-open
field conditions.

The O3 treatment used in such validation studies should be relevant to Oz levels in the
targeted area. The following treatments might correlate results obtained under controlled

systems and results obtained under field conditions:

a. Ambient air (fenced chambers or plot).

b. Ambient air + EDU (fenced chambers or plot and the application of an
antiozonant material such as ethylene diurea (EDU) to minimize the effect of
O3 for comparison with treatment (a)).

c. Non-filtered ambient air (paneled chambers or plots).

d. Charcoal filtered air (paneled chambers or plots to provide a “clean air” control
for other treatments).

e. Near-ambient Oz level (paneled chambers or plots).
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f. Highest-relevant Oz level (paneled chambers or plots).

g. Future Oz level (paneled chambers or plots).

The comparison between treatments (a) and (b) will quantify the effects of ambient O3
levels at the site. Whereas, the comparison between (a) and (c) will identify the effects of the
exposure system structures on the Os response of the plants. Treatments d-g will be used to

establish the Os-yield curve.

1.1.5. Os-Exposure Systems and Experimental Error Control in Wheat Os-

Screenings

Different levels of Oz stress could be achieved through different Oz exposure methods.
All O3 exposure methods aim at providing specific Oz treatments, to the experimental unites
of an Oz exposure system. First, ambient air is passed through a charcoal filter (CF) to remove
Os. Then Os is generated using Os-generator and mixed with CF-air to achieve the uniform
targeted concentration in each treatment unit (chamber or a plot). Continuous monitoring and

O3 enrichment are essential to maintain treatment overtime.

1.1.5.1. Osz-Exposure Regimes

There are different procedures for delivering different levels of Oz stress, and the
change in magnitude of stress during the day. According to their magnitude, Oz exposure

regimes could be classified into:

a- Chronic exposure: Usually involves treatment with Oz levels < 120-150 ppb, and results in

gradually developed symptoms such as chlorosis.

b- Acute exposure: Usually involves treatment with Oz levels > 120-150 ppb, and results in
rapidly developed symptoms such as necrosis.

Diversity in O3 responses between and within species, and even within plant canopy

position, tissue age, and growth stages make it difficult to draw clear lines between the two

26



categories (Fiscus et al., 2005). Perhaps each genotype or even plant tissue (certain leaf
position and age) has its own limits for sub-symptomatic effect, chronic visible symptoms, and
acute visible symptoms, and biomass and yield reductions. These limits may change overtime
with growth and development.

O3 exposure regimes could also classified according to the temporal changes in

concentrations. The following are some of the most commonly used Oz exposure regimes:

a- Steady-state Exposure:

Concentrations will be maintained at steady target that does not change over time and
applied for certain number of hours during daytime. Suitable for obtaining average treatments

without exposing plants to significantly high peaks.

b- Predefined Smooth Diurnal Profile:

Treatment will change throughout the day following a predefined diurnal profile that
mimics the average diurnal ambient Oz profile with low concentration in the morning that
gradually increase after sunrise to reach the beak in the afternoon or evening, then declines
overnight. The treatment in this case is referend to as the 12hr diurnal profile average, not the
24hrs average, assuming that the nocturnal stomatal conductance is negligible. However,
nighttime stomatal conductance is not zero and may even be higher than expected for stomata
that do not respond normally to ozone treatment. For example, Os-induced ethylene production
might result in a significant inhibition in stomatal closure, hence increasing nocturnal stomatal
O3 flux. This regime should use a diurnal profile that mimics natural Oz profile at the site of
interest. For example, at low altitude, Oz concentrations usually decline at night, however, at

high altitudes, nighttime ozone concentrations show less fluctuation and less nighttime decline.

c- Ambient-derived Exposure:

Treatments are assigned as proportions of ambient concentration collected at time of

exposure. It mimics the fluctuations in Os concentrations. However, during periods of low
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ambient Os, the Oz proportional treatments may not exceed the threshold levels required to

observe differential responses between the two concentrations.

d- Fluctuating-Predefined Diurnal Curve:

Applying a random effect within a certain range (x10% of target) to the smooth
predefined curve would result in a randomly fluctuating curve that would mimic ambient

fluctuation, yet allow differential treatments.

e- Actual Ambient Concentrations:

A selected actual ambient Oz data from a certain location, during a specific reason, in
which Oz concentrations were high enough to provide differential treatments if proportion
procedure is applied. Unlike the use of current Ogz levels as a reference (which may not be high
enough to cause differential stress), this regime uses real Oz data previously recorded, which

assures differential Oz stress by the end of the season.

In general, an exposure regime that mimics Oz natural fluctuations without losing
differential treatments would be ideal. The predefined diurnal profile was found to cause more
effects on photosynthesis than the steady-state exposure (Meyer et al., 2000). This difference
could be due to the higher peaks, or due to the changes in concentrations over time, which
requires the plant to change and adapt its stomatal conductance overtime. Therefore, a
fluctuating O3 curve would be expected to cause more effects than a smooth predefined diurnal

profile.
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Figure (1): Changes in Oz concentrations overtime using different O3z exposure regimes.
Average diurnal profile of the 2015 active growing season (March-May), and April 21, 2016
(50 ppb 12 average) are given as examples for short- and long-term ambient levels. Ambient
data were monitored at the USDA-ARS Plant Science Unit field site, 5 km south of Raleigh,
NC, U.S.A. Elevation was 110 m above sea level, and provided by Samuel Ray & Walt Pursley.

1.1.5.2. Osz-Exposure Systems

There are different systems that accommodate the treated plants, monitor O3
concentrations, and generate and deliver Oz to maintain the targeted treatments. Some systems
controls other major environmental factors such water supply, temperature, relative humidity,
light density and CO». The following are some of the most commonly used Oz exposure

Systems:
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1.1.5.2.1. Continuous Stirred Tank Reactors (CSTRs)

CSTRs are cylindrical chambers covered with Teflon film, inside a charcoal filtered
greenhouse. Chambers have single-pass air ventilation system, designed for rapid mixing of
gases (Heck et al., 1978; Rogers et al., 1977). The air comes mixed with O3 from the top of
the chamber, and continuously stirred with a fan positioned at the chamber ceiling, then a
negative pressure blower system removes the air from the bottom after passing through the
plant canopy. Relative humidity is monitored and controlled, by adding water vapor under
pressure to the air as it enters the chamber. Temperatures are monitored and the entire
greenhouse temperature is controlled, but there is no control for individual chambers. The
supplemental light source is located over the chamber to compensate for the green house and

chamber shading effects and allow for manipulation of day length.

Figure (2): Continuous Stirred Tank Reactors (CSTRs) inside a charcoal filtered greenhouse.
Plant Research Unite, USDA-ARS, Raleigh, NC, USA.
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1.1.5.2.2. Outdoor-plant Environment Chambers (OPECSs)

OPECs are outdoor chambers covered with Teflon (Flowers et al., 2007) and designed
for closed air circulation system. Air is pumped through an inlet duct in one side of the
chamber, where it is mixed with moisture released from sprinklers under pressure. The air is
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 is recycled through the outlet duct on the opposite
side of the chamber. The air entering the chamber is adjusted to the set temperature and then
passed through a charcoal filter to remove Os. Afterwards, Oz and CO> are added as needed
and mixed with air before it passes through a dehumidifier to remove excess water to meet the

relative humidity target, and the air enters the chamber again to repeat the cycle.

Figure (3): Outdoor-Plant Environment Chambers (OPECs). Plant Science Unite Field,
USDA-ARS, Raleigh, NC, U.S.A.
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1.1.5.2.3. Open-top Chambers (OTCs)

OTCs are cylindrical shaped chambers of a metal structure supporting two levels of
polyvinyl chloride (PVC) panels providing isolation from horizontal wends. The top panel is
solid, whereas the lower panel is consists of a double panel with perforations in the internal
layer through which a fan box blower system forces charcoal filtered air into the chamber and

out the open top (Booker et al., 2009).

Figure (4): Open-top Chambers (OTCs). Plant Science Unite Field, USDA-ARS, Raleigh,
NC, US.A.
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1.1.5.2.4. Air Exclusion System (AES)

AES plots are regular field plots surrounded by two double-walled panels on the long
sides only, with fences on the two short sides. The panels are similar to OTC’s bottom panels
and are placed in parallel to form a 3m x 10m treatment area. Charcoal-filtered (CF) air is
provided by fan boxes equipped with heat exchangers to provide optional elevated temperature
treatments (Burkey et al., 2016).

Figure (5): Air Exclusion System (AES). Plant Science Unite Field, USDA-ARS, Raleigh,
NC, US.A.
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1.1.5.2.5. Free-air Gas Concentration Enrichment (FACE)

FACE is developed to provide minimum interruption to the soil-plant-air-light
continuum, using a computer simulation to control gas dispersion from circles of pipework
sources. However, it a large scale design that requires high Os generation, spatial and
computational requirements (McLEOD, 1995). Furthermore, FACE does not provide isolation
against ambient air, which means that control Oz treatments are limited to that provided by
ambient air which in some locations may be above the threshold for plant response. Ideally,
the FACE system is established in a remote area with relatively low O3 levels.

Fluctuations in wind direction and speed as well as ambient Oz level make it difficult
to achieve the consistent Os-stress pressure under such completely open system. The results
obtained from FACE and OTC were found to lead to similar conclusions despite the
differences between the approaches (Morgan et al., 2006). Wheat plants tested using the
FACE approach require at least 1 m buffering zone to avoid edge effect (Long et al., 2005), a

rule that could be applied to all systems.

1.1.5.3. Standardization of Visible Injury Scores

1.1.5.3.1. Standardization of Tissue Scored

Wheat has a complex and dynamic canopy, which makes it difficult to assign Oz scores
on a whole canopy basis, hence, Os injury is scored in a leaf basis as shown in Figure 6). The
canopy of a single wheat plant consists of a main stem that emerged from the germinated seed
and primary tillers that develop from the base of the main stem, usually each of which is the
bud of one of the leaves. Similarly, in low-density situations, the primary tillers in turn develop

secondary tillers, in a similar fashion to the main stem.
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Figure 6: Wheat canopy structure at seedling stage [13, 22 (Zadoks et al., 1974)] and adult-
plant stage (18, 46 Zadoks). Modified from (Tottman, 1987).
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Leaves on the main stem are easier to identify and to track. Once a tiller is developed
in the bud of a leaf, usually the tiller pushes the leaf away from the main stem, making the
identification of leaf origin more difficult. For tissue standardization, the main stem and leaf
order might need to be tagged at the beginning of tillering stage. To assure plant material
uniformity, starting with excess numbers of plants (20-30%) increases the chances of achieving
uniformity, by excluding the top and bottom 10-15% percent in the developmental stage

distribution.

Wheat leaves in a wheat canopy can be identified through combinations of position
(using the top of the bearing stem as reference), age (time after being unfold), and order (using
the base of the bearing stem as a reference). To compare ozone scores across individual plants
and treatments, all three criteria must be taken into account. A suitable procedure is tagging
the main stem for tracking the leaf order. Leaves on the main stem, starting from the third leaf
to the flag leaf at the top, represent all leaf positions, order and age within the canopy. Tracking
leaf order is usually begun at the seedling stage. The top-leaf position is occupied by the newly
emerged leaf until the flag leaf (last leaf to develop on a stem) emerges. After flag leaf
emergence, the leaf position is usually referred to as Flag leaf (F), Second-top leaf (F-1) and
Third-top leaf (F-2).

Data for Os injury are not usually collected from the first leaf on the main stem.
Emergence of the third leaf on the main stem mostly coincides with the emergence of the first
tiller. The third leaf on the main stem typically very close in age to the first leaf on the first
tiller. At the seedling stage, scoring the third and fourth leaf and maybe the fifth on the main
stem allows for assessment of a wide range of leaf order, age, and position. At adult-plant
stage, data are usually collected from the flag leaf of the main stem because of the large
contribution of flag leaves to the yield. To acquire data on leaves of different age at the adult

plant stage, there are two procedures:

a- Collecting data from F, F-1, and F-2 on the main stem. This offers a good representation

of leaf age, position and order, with high certainty. However, the sample contains only
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one flag leaf with high contribution towards yield. This method might be more suitable

for injury screening purposes, and characterizing Os impacts on different canopy layers.

b- Collecting data from flag leaves of main stem, first tiller, and second tiller. This offers
a sample of three leaves that are significant contributors to yield. However, it provides
less representation of age and order diversity. In addition, all leaves will be at the top
of the canopy. This approach could be more suitable for injury/yield penalty

associations.

1.1.5.3.2. O3 Injury Scoring System

Due to the canopy complexity, Oz scores should be gives in a leaf basis, with respect
to leaf position, order and age. Leaves on the main stem (the third leaf and above) are the
easiest to track. Oz injury scores are the percent of the leaf area showing chlorosis or necrosis
in response to Os stress, starting at the leaf tip, where the older cells are located and progressing
towards the developmentally younger cells at the base of the leaf blade. In some cases, wheat
leaves might show bronze color, similar to symptoms observed mainly on dicots such as snap

beans or soybean.

Because wheat leaves are thin, the control of light environment at scoring is critical for
consistent scoring procedure. A visible injury scoring space with constant light environment is
recommended. Scoring Oz symptoms in a greenhouse with the sun light changing in angle and
density is not a suitable procedure. Oz symptoms progress overtime following completion of
O3 exposure, so statistical blocking is essential to avoid confounding the genotype or treatment

effects by the drift in scores if the scoring process requires several days.

When the number of plants is small, leaves could be scanning and Oz injury could be
assessed using image analysis software, such as APS Assess 2.2. Otherwise, a scoring guide
with images of wheat leaves showing different levels of O3z symptom and the corresponding
percent injury assigned will increase data quality and reduce the estimation error. Another

approach is having Os injury scored by different people and use the average score.
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1.2. Disease Triangle for Wheat Rust under Elevated Ground-level O3

Concentrations
1.2.1. Causal Agents and Spread of Wheat Rust Pathogens

Wheat is attacked by three rust diseases, caused by three fungi. Stem (Black) rust (Sr)
is caused Puccinia graminis f. sp. tritici (Pgt), Leaf (Brown) rust (Lr) is caused by Puccinia
triticina Eriks. (Pt), and Stripe (Yellow) rust (Yr) is caused by Puccinia striiformis f. sp. tritici
(Pst) (Morgounov et al., 2012). Rust fungi are classified in the phylum Basidiomycota, class
Urediniomycetes, order Uredinales, and family Pucciniaceae. This family contains 17 genera
and approximately 4121 species, the majority of which are in the genus Puccinia that contains
all three rust fungi (Leonard and Szabo, 2005).

Stem rust is more adapted to higher temperatures than the other rusts, historically
causing losses in Africa, the Middle East, Asia, South West Pacific, Europe, and the Americas
(Leonard and Szabo, 2005). Being a major breeding target of the green revolution and the
deployment and durability of stem rust resistance gene (Sr) 36, in addition to the eradication
of the alternate host, barberry (mainly Berberis vulgaris), kept stem rust controlled for several
decades, and reduced the need for breeding efforts to identify and incorporate new rust
resistance genes (Morgounov et al., 2012). This stabilized situation was challenged by the
resurgence of stem rust in middle and east Africa after the emergence of a new race called
Ug99, that is virulent on Sr31 a widely adapted resistance gene, imposing a major threat to
most of wheat germplasm around the world (Pretorius et al., 2000). Since then, race Ug99
evolved to a lineage with 13 variants and spread to 13 countries from South Africa to Egypt in
the north and Iran in the east, and it is has the potential to spread to other major wheat
production area around the world (Fetch et al., 2016).

Leaf rust is the most frequent and widely spread rust of wheat due to its wide range of
virulence and environmental adaptation (Bolton et al., 2008). Leaf rust attacks wheat wherever
it is grown, but the yield losses are usually small unless the epidemic is sever, and covers a

large geographical area (Morgounov et al., 2012). It is an important disease in major wheat
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production areas around the world including, the Americas, Eastern Europe, Central and
Southeast Asia and North Africa.

Stripe rust was an important wheat disease in cooler and moist environments, such as
high elevations and latitudes and in cooler years, due to its low temperature requirements
(Chenetal., 2014). However, the new Pst races adapted to warmer temperatures that emerged
after 2000, and the introduction to Australia and South Africa, showed that this fungus is
capable of thriving under higher temperatures (Morgounov et al., 2012). The early infection
is increasingly resulting in severe yield losses since 2000, as recorded in the United States,

South Africa, China, Central and west Asia, and Australia (Morgounov et al., 2012).

The global spread of wheat, Oz stress and rust diseases indicate the importance of
studying their interactions and the cross connection between wheat responses to one of these
stressors that might mediate wheat response to one of the other stress factors. This also
indicates the importance of incorporating both disease resistance and Oz tolerance as major

components of resilience in future wheat cultivars.
1.2.2. General Cycle of Rust Diseases and Possible O3 Effects

Each of the wheat pathogens and the diseases they cause, their specific requirements,
host range, alternative hosts and symptomology were discussed in detail in a series of pathogen
profiles, each of which focused on one of the rust pathogens [Sr (Leonard and Szabo, 2005),
Lr (Bolton et al., 2008), and Yr (Chen et al., 2014)]. However, all three rusts share the same
general standard disease cycle and stages, summarized here with the possible Oz interactions.

All rust pathogens are now considered as macrocyclic, heteroecious rust pathogens.
Macrocyclic means that the pathogen is capable of forming the complete set of five types of
rust spore stages, and heteroecious means they are formed on two hosts (primary- and
alternative host). Urediniospores and teliospores are formed on grass hosts, where the
urediniospores act as the recurrent inoculum in rust epidemics, whereas the teliospores are a

resting structure formed towards the end of the season or under unsuitable conditions. No
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sexual reproduction takes place on wheat. Teliospores germinate later forming basidiospores
of different mating types that infect the alternative host [mainly barberries (Berberis spp.)] in
the vicinity. On barberry, the other two stages are formed, and sexual reproduction takes place.
Pycniospores formed in a pycnium of a certain mating type fertilizes a receptive hypha in
another pycnium of a different mating type, forming new combinations of fungal hyphae that
produce aeciospores spores. When aeciospores formed on Berberis are transmitted to wheat,
they germinate and infect the susceptible plants, and the urediniospores are produced as a
recurrent inoculum causing the rust epidemic on the plant. The following is a summary of the
different stages of the rust disease cycle in the disease epidemic on wheat, and the possible O3

effects on each stage:

1.2.2.1. Dissemination

Dissemination is the release of primary inoculum (i.e. urediniospores) from the fungal
structures (pustules). Urediniospores from the pustules are released once the epidermis of the
host is ruptured under the pressure of spores developed underneath. Os stress is known to affect
plant cuticle (Kontunen-Soppela et al., 2007), and might have effects on the strength of the
epidermal cover of the pustule and to accelerate or delay pustule rupture and spore release,
which in turn might impact disease spread and progression rate. To our knowledge, there is no
study that tested such hypothesis. However, at least two reports showed that Oz affects the
structure and texture of cuticular waxes (Karnosky et al., 1999; Percy et al., 2002).

1.2.2.2. Transmission

Transmission is the transfer of spores (inoculum) from diseased plants (source of
inoculum) to a healthy tissue (on the same plant or another plant). Rust spores are airborne,
transmitted via air currents long distances, or within water droplets for short distance. Factors
such as spore size, mass, texture and shape, determine the wind speed required for spores to
become airborne and the travelling distance in the air and final deposition. Because spores on
the leaf surface are exposed to Os, there could be some direct Oz effects on properties such as

spore texture. Oz also could have indirect effects on the spores by affecting the nutrient
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availability in the host tissue, which might affect spore size, mass or shape. To our knowledge,

there is no study that tested this hypothesis.

1.2.2.3. Inoculation

Inoculation is the landing of spores (the inoculum) on the host tissue (infection court),
or the process through which the inoculum comes in contact with the infection court. Through
this process, spores are either precipitated from or deposited by air on the leaf surface. The
properties of the leaf surface are main factors in this process, which might be affected by O3
stress (Kontunen-Soppela et al., 2007). Oz was found to affect cuticle roughness, and to
increase aspen leaf rust by 5 folds (Karnosky et al., 1999), which might in turn affect the spore
exchange between leaf surface and leaf boundary layer. To our knowledge, there is no study
that tested this hypothesis on wheat.

1.2.2.4. Spore Germination

Spore germination starts with water imbibition, and the pathogen recognition of the
host under the suitable conditions, which results in activating the growth and extension of the
germination structure to the port of entry. Spore germination in rust requires viable spores, a
wet leaf surface for several hours (mainly from dew formation or rain) and overnight darkness,
at a suitable temperature. Leaf wetness might be affected by the rate of water condensation or
drying out. This would be determined by leaf surface properties and microclimate interaction
with canopy structure. Os is known for altering cuticular-wax structure, by changing the ratio
of hydrocarbons to fatty acids, which represents the ratio between the most and the least
hydrophobic cuticular wax components, respectively (Karnosky et al., 1999; Percy et al.,
2002). The resulting increase in leaf wetting would facilitate free water film formation and

provide more suitable environment for rust spore germination.

The key step for germination is the recognition of the susceptible host tissue. Usually
pathogen spores only germinate on their susceptible hosts, by recognizing the biochemical
signature of the tissue surface. Elevated concentrations of both Oz and CO3, as well as their

41



combination were found to increase the synthesis of fatty acids, which stimulate host

recognition by the pathogens (Percy et al., 2002).

Germinating spores extend a germination tube that recognizes the topology of the leaf
surface and grow perpendicular to the long sides of the epidermal cells and either locates the
stoma (the entry-point) or growth ceases as resources are exhausted. Once the germination tube
recognizes the stoma, it forms an appressorium over the stomatal opening, and the fungal
growth ceases until the morning. Oz effects on cuticle roughness observed under electron
microscopy and the corresponding topology changes are thought to be a major reason for aspen

leaf rust increase by five folds (Karnosky et al., 1999).

Spore viability, spore size and nutrient stocks might be affected directly by Os stress
during or after spore formation, or indirectly by Oz impacts on nutrients availability in the host
tissue during spore formation. However, there is no even significantly high Oz concentrations
(60-240 ppb) did not affect viability of non-stressed or Os-stressed spores (Heagle and Key,
1973a; Heagle, 1975).

1.2.2.5. Penetration

Penetration is the process by which the pathogens enters into the host tissue. Rust fungi
enters through stomata. This stage takes place in the morning, if the leaf surface is still wet,
and the appressorium is not desiccated. When the light induces stomatal opening, Pgt
(Leonard and Szabo, 2005) and Pst (Chen et al., 2014) recognize the decrease in CO>
concentration at the stomata and sends out a penetration peg from the lower surface of the
appressorium, through the opened stoma, into the sub-stomatal cavity below the epidermis. Pt
does not require light and is not affected by CO> concentrations, as stomata close in response
to appressoria formation, and the infection peg pushes through (Bolton et al., 2008). In the
sub-stomatal cavity, the infection peg forms a sub-stomatal vesicle, from each end of which an
infection hypha may be produced and sent to one of the adjacent cells. Once the tip of the
infection hyphae contacts the cell wall of the host’s cell, it forms a haustorium mother cell. So

far, the pathogen has managed to penetrate into the internal part of the leaf, but there is no

42



direct contact between the pathogen and the host’s cell membrane, as the host’s cell wall is

still separating the two.

Prolonged O3 exposure might also result in stomata blockage due to via affecting
cuticular waxes (Karnosky et al., 1999). Oz is also known to interfere with stomatal closure,
and Os overnight peaks are not uncommon. These overnight peaks usually coincide with high
O3 concentrations in the morning, which is the time of penetration of rust pathogens. Os-
induced stomatal closure or delayed penetration means that the fungal structure may be heated
and dehydrated by sunlight and the penetration is aborted. However, Pt might not be affected

by stomatal closure, as it actively pushes the penetration peg even through closed stomata.

Sub-symptomatic, pre-inoculation Oz exposure had no effect on stem rust penetration
to wheat leaves, whereas, injurious pre-inoculation treatments reduced penetration (Heagle
and Key, 1973a; Heagle, 1975). On the other hand, post-infection Oz exposure had no effect
on penetration (Heagle and Key, 1973a; Heagle, 1975).

1.2.2.6. Infection

Infection is the establishment of a direct biological contact between the pathogen and
the host’s cell membrane, and securing nutritional flow from the host’s cell. This occurs by
sending an infection peg that penetrates the cell wall of the host cell by both enzymatic
dissolution and physical pressure. However, it does not penetrate the plasma membrane of the
host cell. Then, the tip of the penetration peg grows into a haustorium in the periplasmic space
between the plasma membrane and the cell wall of the host cell. Depending on the initial

spore’s resources, 1-3 haustoria may be formed in different adjacent cells.

If the spore originally formed under Oz stress, the endogenous nutrient stock in the
spore might have been affected by Os, which might have indirect effect on the infection
structure formation. However, even significantly high Oz concentrations (e.g. 60-240 ppb) did

not seem to have such effect on Os-stressed spores (Heagle and Key, 1973a; Heagle, 1975).
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If penetration is taking place under high Os, penetration structures could also be
affected directly. The host cell wall structure and functionality might be affected by O3 stress,
which might have impact on its interaction with the penetration peg. Os-stressed cell walls
might be easier for the pathogen enzymes to process, and might take less physical force from
the infection peg to penetrate. On the other hand, Os-generated ROS in the apoplast might have

negative effects on pathogen extracellular enzymes and effectors.

In addition, the formation of appressoria, vesicles and haustorium mother cells are
induced by one six-carbon derivative, one of several six-carbon derivatives of the plant
lipoxygenase (LOX) pathway (trans-2-hexen-1-ol), a pathway known to be induced in plants
by both pathogen attack (Leonard and Szabo, 2005), and Os stress (Vaultier and Jolivet,
2015). In resistant hosts, resistance compounds are deposited around the infection peg location
to prevent the penetration of the cell wall or the forming the appressoria or the direct contact
of the appressoria with the plasma membrane of the host cell. The plants’ ability to timely
produce and deliver these compounds might be affected under Oz stress. This resistance
strategy also depends on the early recognition of the pathogen, which might depend upon
receptor proteins on/in the plasma membrane. O3 effects on the plasma membrane and protein

denaturation due to the Os-induced ROS might also interfere with this process.

Establishing the nutritional relationship between the pathogen and the host is a very
complicated process, which takes place through a battle for dominance on the
haustorium/plasma membrane interface (usually separated by extra-haustorial matrix). The
performance of an Os-impaired plasma membrane might affect the plants ability to prevent
nutrient acquisition through haustoria. Furthermore, low to moderate O3 stress could cause
sub-symptomatic (sub-symptomatic) effects, such as membrane disintegration, leading to
electrolyte leakage into the apoplast (Zheng et al., 2011). This could provide more nutrients
for the pathogen in the apoplast that will not involve the haustoria. These types of effects were
found to alter wheat interactions with necrotrophic pathogens by increasing disease severity
(Tiedemann and Pfahler, 1994). However, the effects of such mild stress on biotrophic

pathogens, such as wheat rusts, are yet to be investigated.
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Sub-symptomatic, pre-inoculation Oz exposure had no effect on stem rust infection to
wheat leaves, whereas, injurious pre-inoculation treatments reduced infection (Heagle and
Key, 1973a; Heagle, 1975). On the other hand, post-infection Oz exposure had no effect on
infection (Heagle and Key, 1973a; Heagle, 1975).

1.2.2.7. Invasion

Invasion is the ability of the pathogen to spread from the infection locus to surrounding
host tissue. In rusts, this requires the utilization of the host’s resources after a successful
infection. In a susceptible host, the plant fails to recognize the pathogen inoculation,
penetration or infection on early enough to suppress the invasion. On the other hand, resistant
host recognizes the pathogen and timely activates resistance mechanisms to prevent each of
these invasion requirements from happening. Many of the rust resistance genes encode for
nucleotide-binding site leucine-rich repeat (NBS-LRR) protein domains, which are usually
resistance protein (RP) located on the apoplastic side of the plasma membrane (Kolmer, 2005).

These domains are known as signal receptors especially for diseases.

Incompatible reactions (resistance) occur when the resistance gene interacts with a
specific avirulence gene from the rust pathogen, which initiates a specific signal that induces
resistance defense mechanisms. Contrarily, compatible reactions (susceptible) and infections
occur in the absence of an avirulence gene, or the failure of an RP to detect the avirulence gene
product (pathogen effector). Because of their locations, the both the NBS-LRR proteins and
the pathogen’s effectors are vulnerable to Os-induced ROS in the apoplast. This might result

in protein denaturation and function loss.

There are several resistance mechanisms, among which the hypersensitive response
(HR). In HR responses, the host recognizes the pathogen and initiates a programmed cell death
response in the surrounding cells adjacent to the infection locus. This is carried out usually by
intensive ROS production that results in killing the host cells that would provide the pathogen

with nutrients to continue the invasion. The second result is that HR is a signaling process that
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indicates that the host is under a pathogen attack, therefore, inducing a systemic priming effect.

These two mechanisms give the HR a doubly effective defense against pathogens.

There are two major requirements for the HR response to succeed in stopping the
pathogen without extreme damage: (1) the timely activation of the ROS production machinery
at the infection site, and (2) the timely activation of an effective ROS scavenging system in the
tissue surrounding the targeted HR zone. Ogz stress has the potential to interfere with both
requirements for a successful HR response. First, Oz stress response metabolism involves
directing plants resources towards increasing antioxidant activities. Under moderate Oz stress,
reversal of ROS-scavenging physiology into ROS-producing physiology might be slower than
initiating ROS-production from the normal equilibrium state, which could be a potential
benefit to the pathogen. On the other hand, if the Os stress is high, Os-induced ROS could lead
to induction of a more rapid HR response. Second, Os stress might interfere with HR
containment by the tissue surrounding the HR zone, as HR containment in O3 stressed tissue

might be more difficult comparing to normal tissue.

Near-threshold Oz treatment (36.0-38.8 vs. 46.4-55.5 ppb) was found to increase poplar
leaf rust by fourfold due to decreased phenolic glycoside concentrations (important defense
compounds in poplar) and increased leaf witting (Karnosky et al., 1999; Percy et al., 2002).
This suggests that Os could also enhance rust diseases by directly suppressing the chemical
defenses of the host. Symptomatic pre-inoculation Oz exposure restricts stem rust invasion to
wheat leaves, resulting in smaller colonies, whereas post-inoculation injurious treatments did

not restrict invasion until 4 days after infection (Heagle and Key, 1973a; Heagle, 1975).

1.2.2.8. Sporulation

Sporulation is the formation of a spreading or resting structure that would secure the
ability of the pathogen to spread and thrive through the season and survive between seasons.
In rusts, after a successful invasion at the infection locus, the fungus forms a dense sporulation-
mat of hyphae beneath the host epidermis, on which sporophores grow and produce masses of

urediniospores that causes the epidermis to expand and then rupture, forming the major rust
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sign (pustule). The color of the urediniospores is what defines the rust diseases (black, brown,
yellow). O3 effects on the host might determine the resistance of epidermis to rupture and
expose spores, or the time it takes the fungus to acquire enough nutrients to start producing
spores. Oz could also affect the total amount of nutrients available to the pathogen to utilize
for spore production, hence the number of spores produced and the rate of spore production,

or the available nutrients stored in each spore.

There is enough evidence that relatively high Os treatments (60-240 ppb) significantly
reduced stem rust spore production on injured wheat leaves (Heagle and Key, 1973a; Heagle,
1975), but not on non-injured leaves (Heagle and Key, 1973b).

1.2.3. Disease Components of Wheat Rusts

Stem rust diseases are quantified using different parameters, each of which could be
used as an indicator of specific aspects of the rust/wheat/time interactions. The following are
some of the parameters frequently used (Mclntosh et al., 1995; Pask et al., 2012; Roelfs et
al., 1992):

1.2.3.1. Incubation Period

In rust, the incubation period is the time from inoculation to the appearance of first
visible symptoms (flecking at infection loci where the pustules will develop later) or
appearance of pustules (as pustules might appear directly without flecking, which is typical in
fully susceptible reactions). Oz-stressed tissue might show flecking sooner than normal tissue

(shortened latent period), as chlorophyll content might have been affected prior to infection.

1.2.3.2. Latent Period

In rust, latent period is the time from inoculation to the appearance of 50% of the total
number of ruptured pustules developed in a certain area. This is an indicator of the total
sporulation process. In some situations, the traditional calculation of latent period is used as
the time from inoculation to the appearance of the first ruptured pustule. This is an indicator

as to when the diseases starts to be contagious. Increased nutrient availability caused by Os-
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induced electrolyte leakage into the apoplast might enable the fungus to acquire nutrients for
more rapid sporulation which might shortened the latent period. Alternatively, Oz-induced
decreased photosynthesis may result in fewer resources available to the fungus and delay or
prevent sporulation. In addition, Oz effects on the cuticle characteristics might accelerate or

delay pustule rupture.

1.2.3.3. Disease Severity and Percent Sporulation Area

Disease severity is the percentage of disease area relative to the total tissue area
examined (Mayee and Datar, 1989). In rust diseases, disease severity is assessed using a
relative scale of the ratio between the observed sporulation area and the maximum sporulation
area possible of the observed infection type. There are two scales commonly used as shown in
Figure (7):

a- Modified Cobb Scale: Assuming a simple linear relationship between disease severity
scale and the actual sporulation area, with a maximum disease severity of 100%
corresponding to a maximum percent sporulation area of 37% of the diseased tissue
(Pask et al., 2012; Peterson et al., 1948; Roelfs et al., 1992) .

b- CIMMYT Rust Scoring Guide Scale: Assuming a non-simple linear relationship
between the disease severity scores and the actual percent sporulation area, assuming a
maximum disease severity of 100% corresponding to of 33% sporulation percentage of
the diseased tissue (CIMMYT, 1986).

Percent sporulation area is usually assessed using imaging or scanning the diseased
tissue, and running the images through image analysis software. Currently, the American
Phytopathological Society (APS) offers two software programs developed and customized for
this purpose: (1) Assess 2.2, which is software compatible with Windows operated devices,

and (2) The Leaf Doctor, an iPhone application compatible with OS operated devices.
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Figure (7): Simple (Pask et al., 2012; Peterson et al., 1948; Roelfs et al., 1992) and
polynomial linear relationship (CIMMYT, 1986) between Disease Severity Scores and actual

Percent Sporulation Area.
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Disease severity and percent sporulation area could be affected by Oz in several ways.
Effects of Oz on germination, penetration, infection, and/or sporulation might be unidirectional
which would be reflected as net changes disease severity and sporulation area. Alternatively,
O3 might have multidirectional effects on different host stages; in this case, disease severity

and percent sporulation area may, or may not show a net effect.

1.2.3.4. Disease Incidence (Prevalence)

Disease incidence is the proportion of diseased plants or plant units (e.g. leaves or
stems) per sample (Mayee and Datar, 1989). It does not take into account the disease severity
on the diseased tissue. The disease incidence might be affected by Oz by two mechanisms:
First, if Oz induces disease on certain leaf or tiller category that was not expected to show
disease at all (could be postulated under sub-symptomatic Os stress). Second, if Oz completely
inhibits disease on tissue that was expected to show disease, probably under high O3 stress

causing necrotic O3 effects.

1.2.3.5. Receptivity (Pustule Density)

Receptivity is the number of uredinia per area. It is an indicator of the inoculation
density and the infection success percentage. Os effects on receptivity could be similar to its

effects on disease severity and percent sporulation area.

1.2.3.6. Spore Production

Spore production could be measured as the number of spores or spore weight per
pustule or area. Because rust spores are airborne, it is difficult to quantitatively collect them
under natural conditions. Oz could affect spore production in two ways: (1) effects on the host
plant and resource availability; and (2) after the pustule ruptures, the fungal mat and
sporophores in the pustule are no longer protected from ambient O3 by the cuticle. However,

the spore masses on the pustule surface might receive most of the Oz exposure.

50



1.2.3.7. Reaction/Infection Types

Wheat/rust reaction types could be categorized into nine different phenotypes, based

up on the presence of uredinia, flecking, chlorosis, and pustule size (Mclntosh et al., 1995):

N < X &

Immune: No Sporulation, and no visible symptoms are observed in response to
inoculation

Near Immune: No Sporulation, with visually observed flecking, which are small
chlorotic or necrotic areas resulting from HR.

Very Resistant (R): Small circular uredinia, surrounded by necrosis, circular-shaped.
Moderately Resistant (MR): Small-medium uredinia, with green islands, surrounded by
necrosis or chlorosis (oblong-shaped in stem rust).

Moderately Susceptible (MS): Medium-sized uredinia, sometimes with chlorosis (small-
diamond shaped in stem rust).

Susceptible (S): Large-sized uredinia without chlorosis

Heterogeneous, with randomly distributed uredinia of different sizes, on the same leaf.
Heterogeneous, with large-sized uredinia at leaf tip.

Heterogeneous, with large-sized uredinia at leaf base.

A better designation of reaction types could be achieved by adding more details about

the pustule size and distribution, as well as chlorosis and necrosis to the previous nine
phenotypes (Mclntosh et al., 1995):

Uredinia size is minimum for infection type.
Uredinia size is normal for infection type.

Uredinia size is larger than normal for infection type.
Uredinia size at maximum for infection type.
Chlorosis is more than normal for infection type.
Necrosis is more than normal for infection type

Discrete infection types on one leaf.
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Once ruptured, pustules are another port of entry for Oz molecules. The most affected
areas by this new Oz route are the sporulation mat and the surrounding fungal and host tissue
at the infection locus. Os-induced chlorosis or necrosis in those areas might change the
infection type. Differential Oz responses of host tissue (e.g. leaf tip vs. leaf base) might result
in, or probably explain some of the mixed phenotypes resulting from one race, and their
different patterns on the leaf blade (e.g. X, Y and Z).

1.2.3.8. Average Coefficient of Infection (ACI)

Coefficient of infection is calculated as the product of multiplying the disease severity
field scores recorded according to the modified Cobb scale (Peterson et al., 1948) by a
numerical coefficient of infection, assigned based up on the field infection type (MclIntosh et
al., 1995). The coefficients of infection are assigned as following: Resistant (0.2); Moderately
Resistant (0.4); Intermediate (0.6); Moderately Susceptible (0.8); Susceptible (1.0) (Stubbs et
al., 1986).
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1.2.4. Traditional Disease Triangle of Stem Rust under O3 Stress

The disease triangle (Stevens, 1960) is a key fundamental concept in plant pathology
that shaped our understanding of plant diseases. This concept is being used to illustrate plant
diseases at all levels, such as, public talks, introductory and advanced phytopathology courses,
and complex scientific discussions. Several modifications were proposed to better illustrate the
phenomenon of plant disease in quantitative, temporal, and social contexts (Agrios, 2005;
Francl, 2001; Scholthof, 2007). In this part, a new variant of the original disease triangle will
be discussed. It is a model that better illustrates the components determining the net effects of
each of the three major disease factors, while maintaining the simplicity of the original disease

triangle.

In the traditional disease triangle illustrated in Figure (8), the disease occupies the area
of a triangle, with the host, the pathogen, and the environment all located at the triangle vertices
(Stevens, 1960). The biotic disease phenomenon will not take place if any of the three
requirements is absent. The disease pressure is a relative indicator of favorability of the non-
host parameters to the disease. For example, high disease pressure is the combination between

favorable environmental conditions and high inoculum amount and viability.

A commonly used variant of the disease triangle is obtained by placing the three
components on the three sides of the triangle instead of the vertices (Agrios, 2005; Francl,
2001; Scholthof, 2007). The length of each side (in relation to the others) indicates the relative
net impact of the factor on the disease (i.e., the area inside the triangle). For example, in Figure
(9), the environment side of the triangle is longer, which means it has more influence on the
disease at this time point than both the host and the pathogen. Despite showing the overall
effect of the factor (environment), this illustration does not provide enough information about
the components deriving this effect. In addition, the traditional disease triangle does not tell us
much about the mechanism of the effects. These effects could be either due to environmental
effects on the host or on the pathogen, or on both. Furthermore, it does not show how this

mechanism is changing overtime.
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Pathogen

Disease
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Figure (8): Traditional disease triangle with the host, pathogen and the environment on the

triangle vertices.

Pathogen

Disease

Environment

Figure (9): Disease triangle with the host, pathogen, and the environment on the three sides of
the triangle, showing more weight to the environmental effects (i.e. longer side). The host and

the pathogen are equally represented (similar side lengths).
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All the proposed variants of the disease triangle carried over this deviation from the
original model. Therefore, they lack the complexity needed to show the components of each
of the three factors. A three-dimensional vertices model would solve this problem with a
simple, easy to comprehend modification. It would also offer a more robust illustration,

without sacrificing simplicity.

1.2.5. Three-dimensional vertices model for wheat rust under elevated O3

This model returns to the first illustration in the traditional disease triangle. Therefore,
it keeps the major components of the triangle at the vertices. However, it uses three dimensions
at each vertex to represent the main three components (sub-factors) determining the net effect
of the assigned major disease triangle constituent as shown in Figure (10). By reserving the Z-
axis at each of the three vertices to the time factor, the model is also suitable for demonstrating
the temporal aspects of detailed interactions in complex pathosystems. In this respect, this
illustration is very similar to the disease pyramid (Agrios, 2005), and the disease prism
(Francl, 2001). However, this presentation adds more details by considering the sub-factors
of each of the three major factors. The following is a detailed discussion of the three basic

components of this model.

1.2.5.1. The sub-components of the host’s effect

The effect of the host on the disease is determined by the following sub-factors factors:
The host resistance/susceptibility to the pathogen; the host sensitivity/tolerance to the
environmental factor(s); the time point and the corresponding host related variables (e.g.
growth stage). We can represent each of these three sub-factors with one dimension at the
host’s vertex of the disease triangle. Each dimension could present the host sub-factor itself,
in correspondence to another host related variable. This will give us the ability to illustrate two

variable on one axis.
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Figure (10): Three-Dimensional Vertices Model, a robust disease triangle variant, illustrating
sub-components of each of the three major disease factors (host, pathogen, and environment).
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1.2.5.1.1. The host resistance/susceptibility to the pathogen (rust):

This is the X-axis of host. The host’s response to the pathogen could range from
immune (might theoretically include non-host responses) to fully susceptible. Along with the
virulence/aggressiveness of the pathogen, this sub-factor determines the host/pathogen
infection type. This is usually a genetically controlled interaction, governed by the resistance
gene(s) in the host, and the presence or absence of the corresponding avirulence gene(s) in the
pathogen, which determines the disease compatibility. A non-compatible reaction means the
host being fully resistant (immune), whereas, a compatible reaction means that the host is

susceptible, with partial resistance being a part of the susceptibility continuum.

Some rust resistance genes are known for their growth stage and environmental
sensitivity. The change in plant resistance over time could be easily illustrated by changing the
intersection between the host’s resistance/susceptibility axis and the time axis. Adult-plant
resistance is known to be effective at adult-plant stage, but not at seedling stage. The pathogen
itself is not changing; however, the host/pathogen compatibility outcome is changing because
of the host.

Effects of Oz on major gene resistance (MGR) versus adult-plant resistance (APR) and
susceptibility is yet to be investigated. Resistance genes encode for different resistance proteins
with different sites of actions; some of them are intracellular, on plasma membrane, and others
in the apoplast. These different sites of actions might imply different exposure to Os stress,
hence, different vulnerability to O3 effects.

1.2.5.1.2. The host sensitivity/tolerance to the environmental factor(s):

This axis represents the tolerance of the host to the environmental stresses with
predisposing effects (increasing host susceptibility), or host’s sensitivity to the environmental
factors with priming effects (increasing host resistance). This also reflects the indirect effects

of the environment on the pathogen, by negatively or positively affecting the host, causing
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predisposing or priming effects, respectively, which in turn result in increasing or reducing the

host vulnerability.

Wheat adult-plants and older leaves are known for being more sensitive to Oz than
seedlings and younger leaves, including potential age differences in response along the
continuum from the base to the tip of each leaf blade. Wheat yield is more sensitive to Oz when
plants are exposed after flowering. Leaf area of wheat plants was more sensitive to Oz at
anthesis that at stem elongation (Feng et al., 2008). To better illustrate and infer O3 effects on
rust diseases of wheat, the tissue age and relative sensitivity to Oz must be clarified and
considered. For example, sub-symptomatic O3z treatments were found to increase disease
severity of necrotrophic pathogens (Tiedemann and Pfahler, 1994). However, the effects of
such concentrations on rust diseases are yet to be investigated. Current knowledge is based
upon the effects at high Oz levels where foliar injury was severe. Several studies (Dohmen,
1987; Heagle and Key, 1972; Pfleeger et al., 1999; Tiedemann and Firsching, 2000)
showed that relatively high Oz concentrations significantly reduced leaf rust, due to leaf
necrosis and the reduced infection court available for the pathogen infection, invasion and
reproduction.

1.2.5.1.3. The time and its corresponding host-related variables

The time axis for the host shows days or weeks from planting to harvesting. It could be
used to illustrate the time at which the disease is occurring, the environmental stress is
encountered and/or the data is being collected. On this axis, the corresponding host’s growth
stage could be presented. The growth stage determines the type of tissue (functionally,
structurally and spatially) the pathogen is attacking, or the environment is affecting (priming
or predisposing). The canopy structure changes overtime and determines the microclimate
conditions. In addition, the growth stage determines the available time for the pathogen and

the environment to accumulate effects on the host.
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When we put all three host sub-factors together, they generate a three-dimensional host
effect model that is simple yet robust. The intersection point of the three dimensions represents

the net host’s effect on the disease at this time point, with its components.

1.2.5.2. The sub-components of the pathogen’s effect

The pathogen’s role in the disease could be represented by the following sub-factors:
The pathogen’s virulence/aggressiveness to the host; the pathogen’s sensitivity/tolerance to the
environmental factor(s); the time point and the corresponding pathogen related variables. We
can represent each of these three sub-factors with one dimension at the pathogen’s vertex of
the disease triangle. Each dimension presents the pathogen’s sub-factor itself, in
correspondence to another pathogen related variable. This will give us the ability to illustrate

two variabless on one axis.
1.25.2.1. The pathogen’s race(s) virulence/aggressiveness to the host

This is the X-axis of the pathogen. The pathogens ability to infect and cause disease on
the host could range from avirulent (might theoretically include non-pathogen organisms),
virulent-non-aggressive, to virulent-aggressive. This pathogen axis is the other determinant of
the host/pathogen infection type in rust diseases. This is usually a genetically controlled
interaction, governed by the resistance gene(s) in the host, and the presence or absence of the
corresponding avirulence gene(s) in the pathogen, which determines the disease compatibility.
Oz may or may not have effects on different host/pathogen compatibility combinations.
However, current knowledge is based up studies focused only on the compatible (virulent

pathogen races).

The pathogens produce different effectors to suppress host resistance and/or modulate
host functions in their favor. Depending of the site of action of those effectors, they may be
more vulnerable to Os effects. Minute changes in the pathogen effectors change their functions
and their detectability (perception by host receptors), which means that Oz effects on the

effectors could result in more or less disease depending on the magnitude and type of change.
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1.2.5.2.2. The pathogen’s sensitivity/tolerance to the environmental

factor(s)

The pathogen and the host might have different environmental limiting factors, for each
of their stages. For example, the pathogen needs free water for spores to germinate, certain
temperature, humidity and light conditions for penetrations, infection and sporulation. Another
example is ROS production which is a major part of plant defense mechanisms. The pathogens
are expected to be more adapted to ROS than the host is. There is limited data on rust pathogens
sensitivity to Os stress, especially within a host tissue.

1.2.5.2.3. The time and its corresponding host-related variables:

The time at which the disease is occurring, relative to the host’s growing season and
the environmental seasonal context. On this axis, the corresponding pathogen’s disease stage
could also be presented. Certain stages of rust diseases are sensitive to certain factors, such as
free water or dew formation at inoculation. In addition, the order of biological and
environmental stresses might affect the outcome of the interaction between these two stresses
on the host. For example, ruptured pustules on plant leaves prior to Oz stress might increase
O3 dose and symptoms. On the other hand, Oz treatment causing foliar injury prior to the

inoculation might suppress the rust disease.

1.2.5.3. The sub-components of the environment’s effect

The environment in which the host is grown also affects the disease through it three
sub-factors: The environment’s conduciveness/suppression of the pathogen; the environment’s
priming/predisposition to the host; the time point and the corresponding environment-related

variables.
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1.253.1. The environment’s conduciveness/suppressiveness to the

pathogen

This is the X-axis of the pathogen’s effect. Each of the disease stages might have a
different limiting environmental factor. For example, in all rust pathogens, free water on the
leaf surface is required for spore germination. However, light is required only for Pgt and Pst
but not for Pt. High light intensity for the first 3-4 days after inoculation is conducive to Sr,

whereas low light intensity during the same period is conducive to Yr.
1.2.5.3.2. The environment’s priming/predisposition to the host

Some environmental factors could make the plant or susceptible to disease while others
predispose them to become more resistant. E-O3 could have both types of effects. O3 treatment
can cause stomatal closure, which if occurs in the early morning (e.g. overnight high Oz peaks)
will interfere with Pgt and Pst penetration. Oz also is known to induce ethylene production,

which in turn suppresses stomatal closure and which would facilitate penetration.
1.2.5.3.3. The time and its corresponding environment-related variables

Seasonal, diurnal patterns and cycles and their timing to both plant growth stages and
disease stages are key components of the environmental effects on rust diseases. For example,
diurnal and seasonal Oz peaks coincide with plant’s activity peaks during the daytime and after
anthesis later in the season. High O3z concentrations at anthesis had significant impacts on the
LAI comparing later in the season, but had no effect on LAI when applied at stem elongation
stage (Feng et al., 2008). The duration and the level of the environmental stress determine the

direction and the magnitude of the stress effects, on both the pathogen and the host.
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1.3. Research Objectives

1.3.1. Ozone Responses of the Rust Near-Universal Susceptible Panel of Wheat

Genotypes, and their Applications in Breeding and Phytobiome Research

a. ldentify the Os responses of eight rust near-universal susceptible genotypes, at different
O3z concentrations, in two exposure systems (a) continuous stirred tank reactors
(CSTRs), and (b) out-door plant environment chambers (OPECs)

b. Identify Os-sensitive rust susceptibles to be used for characterizing Os tolerance
simultaneously with rust resistance.

c. ldentify Os-sensitive/tolerant pairs for studying O3 effects on different rust diseases and
races, and the wheat phytobiome.

d. Identify Oz-sensitive/tolerant pairs that could be used for biomonitoring Os levels, and

testing of rust inoculum simultaneously.

1.3.2. ldentification of the Genetic Control of Ozone Tolerance in Wheat

(Triticum aestivum L. cv. Chinese Spring) at the Chromosome Level.

a. ldentify the individual contribution of each of the 21 chromosomes of Chinese Spring,

and their importance for the observed Os-tolerance of this cultivar.

1.3.3. Relative Os-Responses of Some Winter Wheat Genotypes, and Their
Suitability for Breeding Resilient Varieties.

a. Analyze Oz monitoring data collected during wheat active growing season (March-
May), over the last 10 years (2006-2015), at the field plots of the USDA-ARS Plant
Research Unit in Raleigh, NC.

b. Investigate the relative Oz responses at the seedling stage of 24 winter wheat genotypes
and compare with two varieties of spring wheat, as well as two winter varieties of oat

and barley, and one winter variety of triticale.
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Investigate any general trends of Oz sensitivity of tested varieties of winter wheat, and
compare with trends in sensitivity of hard and soft winter wheat.

Compare Oz responses of hard and soft wheat varieties, and identify suitable sources
for O3 tolerance in both categories that could be used as parents in simultaneous
breeding for hardness and Oz tolerance.

Identify varieties with suitable Oz-responses to be used in simultaneous breeding for
O3 tolerance and rust resistance, and identify the genetic control and markers associated
with both traits.

Identify Os-sensitive varieties with different rust reaction types to be used in
investigating the effects of Os stress on different types of rust-resistance in wheat.
Investigate the Os-yield responses of two winter wheat varieties with differential visible

injury responses.

1.3.4. Dissecting the Effects of Oz and CO2 Concentration, Exposure Timing and
Duration on the Disease Components of Stem and Leaf Rusts on Winter
Wheat.

Investigate the effects of different Oz concentrations on stem rust-winter wheat
interactions.

Investigate the effects of near-ambient Oz and elevated CO> exposure timing and
duration on stem rust-winter wheat interactions at the seedling stage.

Investigate the effects of near-ambient Oz and elevated CO. exposure on stem rust-
winter wheat interactions at the adult-plant stage.

Investigate the effects of near-ambient Oz and elevated CO> exposure on interactions
between stem rust and winter wheat varieties with different rust responses (susceptible,

moderately-susceptible, moderately-resistant, and resistant), at the adult-plant stage.
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2. Ozone Responses of the Rust Near-Universal Susceptible Panel of Wheat Genotypes,

and their Applications in Breeding and Phytobiome Research.

2.1. Abstract

Sustainable increase in wheat production is inevitable for attaining global food security.
This sustainability requires resilient wheat cultivars that can cope simultaneously with major
biotic and abiotic stresses, while maintaining healthy phytobiomes, and high yield. The current
global efforts, aiming at breeding wheat resistant cultivars to the rapidly evolving rust
pathogens, could also be utilized for breeding tolerant cultivars to the elevated ambient ozone
levels. These two are concomitant threats and limiting factors to wheat production worldwide
that are not addressed simultaneously, despite of the necessity and the potential, under current

limited resources.

This research identified the Oz responses of a key set of wheat genotypes used in
breeding wheat for rust resistance. This is an essential step towards breeding rust-resistant, Oz-
tolerant cultivars having higher grain yield. It is also a critical step for phytobiome research
elucidating the effects of Os on different rust races, and their interactions with other wheat
phytobiomes, including natural detrimental, beneficial and biological control agents. The
tested set included seven bread wheat genotypes (Chinese Spring, Line E, Little Club, LMPG-
6, McNair 701, Morocco and Thatcher), and one durum wheat lines (Rusty). Seedlings were
treated with different Oz concentrations, in two Oz exposure systems. Visible injury and
biomass data were collected.

Visible injury results showed consistent differential Oz responses between tested
varieties. Thatcher and LMPG-6 were the most Oz sensitive, whereas Chinese Spring and to a
lesser extent, Little Club, were the most tolerant among the eight genotypes tested. Biomass
data showed similar results for bread wheat genotypes. However, the durum wheat line ‘Rusty’
that was ranked moderately susceptible based upon the visible injury, was the most sensitive
in terms of biomass production. These results suggest that LMPG-6 could be used as an Os-

sensitive genotype, and Chinese Spring as an Os-tolerant genotype in wheat stem rust studies.
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Similarly, Thatcher is a suitable Os-sensitive that could be used with either Little Club or

Morocco for studying Oz effects on different races of wheat leaf rust.

2.2. Introduction

Wheat (Triticum aestivum L.) is a key crop for global food security, and the staple food
for 30% of the world population (FAO, 2016). Sustainable increase in wheat production is
inevitable for attaining global food security (Shiferaw et al., 2013; Tester and Langridge,
2010). This sustainability requires better understanding of wheat phytobiome (American
Phytopathological Society, 2016), including the plant community, microbiome and
macrobiome communities (Dicke, 2016), soil and climate. This improved understanding will
increase our ability to address major biotic and abiotic plant stresses simultaneously, with
respect to their interactions with other phytobiome components. In addition, it will better
elucidate challenges and opportunities available for plants in their environment.

To meet the challenge of producing 70% more food, including nearly 4 billion tonnes
of cereals by 2050 (Shiferaw et al., 2013), the current available limited resources must be used
more effectively (Ledford, 2015); It is necessary to utilize the available resources in some
extensively studied areas, to achieve improvement in other major but less supported areas. The
research presented here focuses on the crossroads between breeding wheat for the rapidly
evolving rust pathogens, and elevated tropospheric ozone levels (E-O3), also known as surface
Os. These are two major concomitant threats to wheat production worldwide (Joshi et al.,
2011; Singh and Agrawal, 2010), yet, they are not addressed simultaneously in breeding
programs. Moreover, breeding wheat for rust is a global success model, whereas, breeding

wheat for O3 tolerance is not currently a priority.

The Borlaug Global Rust Initiative (BGRI) is a unique model for success (Mclntosh
and Pretorius, 2011), through which global efforts to combat emerging rust races resulted in
the identification of new major rust resistance genes, and adult-plant resistance in wheat
germplasm worldwide. Chromosome and loci locations and associated molecular markers

were identified for many of these genes, mainly by crossing the breeding material bearing the
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novel source of resistance to a susceptible genotype to make mapping populations. By
phenotyping and genotyping these populations, associated markers and gene or QTL locations
were identified (Yu et al., 2014). Some of these genes were cloned (Steuernagel et al., 2016).
However, few studies have examined ozone tolerance in wheat (Ainsworth et al., 2008; Mills
etal., 2011). Perhaps a reason for this research gap is the misperception between stratospheric

and tropospheric Os.

Unlike the protective Oz naturally formed in the stratosphere, surface O3 in the ground
level layer of the troposphere is a secondary air pollutant and a greenhouse gas (Booker et al.,
2009), formed by photochemical reactions between nitrogen oxides (NOx) and non-methane
volatile organic compounds (NMVOC) (Jacob, 1999). Os is the most phytotoxic air pollutant
(Sandermann et al., 1998), due to its high oxidizing power to plant physical compartments,
such as cuticle and cell wall, as well as cell membranes (Iriti and Faoro, 2007). Moreover, it
has a diffusion coefficient through plant leaves similar to CO; (Fares et al., 2012), however,
it has 9.06% higher solubility in water than CO. (Haynes, 2015). Once dissolved in the
apoplastic fluid, O3z generates primary reactive oxygen species (ROS). If not detoxified, these
Os-originated ROS react directly in the apoplastic fluid with the cell wall and/or plasma
membrane, inducing a self-propagating oxidative burst of biogenic ROS that spreads to the
surrounding tissue, similar to the hypersensitive response resulting from incompatible

host/pathogen interactions (Pellinen et al., 1999; Vahisalu et al., 2010).

Under low to moderate external Oz concentrations, the influx of Oz and ROS generated
during the early phase will be detoxified by the apoplastic antioxidants capacity. However,
under high external Oz concentrations currently encountered, high stomatal conductance, low
mesophyll resistance to gas diffusion (traits wheat breeders are currently selecting for, to
increase CO; flux and photosynthesis), the influx of Oz during the early phase exceeds the
apoplastic antioxidant capacity to detoxify ROS formed from Oz degradation (Pellinen et al.,
1999; Vahisalu et al., 2010). This over flow of ROS in the apoplast could also occur due to
O3 deposition to wet leaves, as the effective Oz flux into the leaf will be increased, causing

acute symptoms, at Os levels that are typically expected to only cause chronic symptoms
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(Altimir et al., 2006). On the other hand, some plants might over-react to Oz by extreme
stomatal closure, which significantly decreases stomatal conductance. Oz-induced visible
injury and the significant stomatal closure will negatively affects plants performance and
interactions with their phytobiome.

Wheat is one of the most sensitive crops to Ogz, at all growth stages (Singh and
Agrawal, 2010). Ozone effects on wheat plants include biochemical changes such as
antioxidant capacity (Biswas et al., 2008a), gas exchange and stomatal conductance (Feng et
al., 2012; Hassan, 2004; Pleijel et al., 2006), and reduced photosynthesis (Biswas et al., 2013;
Meyer et al., 2000; Wattal and Siddiqui, 2015). Os could also cause chlorotic and/or necrotic
visible symptoms (Mills et al., 2011) and hasten leaf senescence (Burkart et al., 2013;
Gelang et al., 2000; Ojanpera et al., 1998). The effects of ozone reduce plant biomass, grain
yield, and protein content (Amundson et al., 1987; Feng et al., 2012; Hassan, 2004; Heagle
et al., 2000; Mills et al., 2011; Ojanpera et al., 1998; Singh and Agrawal, 2010; Van
Dingenen et al., 2009). The magnitude of these reductions is dependent on the dose and
genotype sensitivity. Current O3 levels during wheat growing season are high enough to cause
average global yield reduction of 7-12 %, and this yield reduction is expected to reach 9-18 %
by 2030 (Avnery et al., 2011a; Avnery et al., 2011b; Feng and Kobayashi, 2009). However,
the effect of Oz on wheat yields is not uniform across the world, as the highest reductions are
usually experienced in developing and heavily populated countries, such as China and India
(Feng et al., 2012; Singh and Agrawal, 2010; Van Dingenen et al., 2009).

Unlike the gradual global increase in CO2, E-Oz is a more diverse problem both
spatially and temporally. Spatial variations in E-Ogz result from the relative location to sources
of the precursors, and the ratio between them (NOy/VOCs) (Khoder, 2009). Whereas, the
temporal variations result mainly from the meteorological effects, such as stagnant weather
conditions (inversion layer formation), and changes in precursor emission (e.g. weekend
phenomenon) (Khoder, 2009). These variations offset the consistent Oz selection pressure
needed for conventional breeding procedures to make breeding progress (Ainsworth et al.,
2008). In China Europe, modern varieties of wheat were found to be more sensitive to Oz than
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older varieties (Biswas et al., 2008b; Biswas et al., 2013; Pleijel et al., 2006). This may be a
result of selection for high stomatal conductance, and less mesophyll resistance to gas
diffusion, needed for higher CO> flux and increased photosynthesis (Biswas et al., 2008b;
Biswas et al., 2013). However, this is a recipe for O3 sensitivity, especially when conducted

under inconsistent Oz selection pressure (Ainsworth et al., 2008).

Despite the observed differences in O3 responses among wheat varieties, there is a lack
of information about its heritability, and the potential of O3 tolerance to contribute to genetic
gain (Barnes et al., 1999; Burkart et al., 2013). To obtain such information, the relative
importance of genotype and genotype by environment interaction (GXE) to O3 tolerance is
needed. The influence of the environment should include those factors that modify stomatal
conductance, such as CO (Lu et al., 2016; Manning and v. Tiedemann, 1995), drought
(Afzal et al., 2015; Biswas and Jiang, 2011; Herbinger et al., 2002; Quarrie et al., 2005b;
Xu et al., 2007), and water vapor pressure deficit (Altimir et al., 2006; Cape et al., 2009).
Similarly, biological factors affecting cuticle integrity, such as diseases and insects may also
modify the phenotype observed. To effectively select for ozone tolerance, molecular markers
and genomic location for the QTLs are needed (Quarrie et al., 2005b; Quarrie et al., 2006;
Quarrie et al., 2007).

Wheat genomes A and B are considered the source of O3 tolerance, whereas the D
genome may be responsible for Oz sensitivity (Biswas et al., 2008a). Oz injury and biomass
data showed that chromosome 7A is critical for Oz tolerance in the cultivar Chinese Spring,
whereas chromosome 5D was correlated to biomass Oz sensitivity, but not visible symptoms
(Mashaheet et al., 2016b). However, no QTLs or specific markers for Os tolerance have been

identified yet.

The differential response of wheat cultivars to ozone also influence other important
factors, such as nitrogen use efficiency and nutrient availability in soil (Chen et al., 2015),
soil pH (Li et al., 2013), and soil organic matter (Lu et al., 2016). The structure and

functionality of soil microbial communities may be influenced by the plants’ ozone response
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(Lietal., 2012; Li et al., 2013). The ozone response might also affect the foliar microbiome,
including major wheat pathogens, as well as beneficial and biological control organisms.
Ozone was found to affect wheat diseases such as, stem rust (Heagle and Key, 1973a), leaf
rust (Dohmen, 1987; Heagle, 1975; Pfleeger et al., 1999; Tiedemann, 1992a; Tiedemann
et al., 1991; Tiedemann and Firsching, 2000), and powdery mildew (Tiedemann, 1992a).
O3 mainly decreased these biotrophic pathogens by restricting the host tissue available for them
to survive. However, in each of these studies, the relative host sensitivity to Oz was not
considered, and the effects of the host responses to Oz on different rust races singly or in
mixtures was not investigated. In addition, all these studies used relatively high O3
concentration that are irrelevant to wheat growing season and areas in major parts of the world
(Mashaheet et al., 2015).

Near-universal, rust susceptible wheat genotypes having differential Oz responses are
key to understanding ozone-rust interactions. These genotypes are susceptible to most rust
races, and therefore allow most races to infect unimpeded (Ali, 1994).,The leaf rust resistance
gens LrMo in the cultivar Morocco and LrLC in the cultivar Little Club are common to most
races of leaf rust (Ali, 1994). Because ‘Morocco’ and ‘Little Club’ are used to maintain and
increase rust inoculum, worldwide, they are typically used as the susceptible parents in
inheritance of resistance studies. However, there is no information available on the response
of near-universal susceptible genotypes to Os. This study was designed with the following

objectives:

a. Screening a panel of 8 near-universal, rust-susceptible genotypes for Oz response, at
different Oz concentrations, in two exposure systems (a) Continuous Stirred Tank
Reactors (CSTRs), and (b) Outdoor Plant Environment Chambers (OPECS).

b. Identify Oz-sensitive susceptibles to be used for characterizing Oz tolerance

simultaneously with rust resistance.
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c. Identify Oz-sensitive/tolerant genotype pairs for studying O3z effects on different rust

diseases and races, and wheat phytobiome.

d. Identifying an Os-sensitive/tolerant genotype pairs that could be used for biomonitoring

O3 levels, and detect rust inoculum simultaneously.

2.3. Materials and Methods

2.3.1. Plant materials

For the CSTR study, seven genotypes were tested. The genotypes and their USDA-
National Plant Germplasm System accession number were ‘Chinese Spring’ (Zeven, 1971),
‘Line E” (Luig, 1983), Little Club’ (Cltr 4066), ‘LMPG-6" (Knott, 1993), ‘McNair 701’
(Middleton et al., 1973), ‘Morocco’ (Pl 431591), and ‘Rusty’ (Pl 639869). In the OPEC
exposure system, the cultivar ‘Thatcher’ (CItr 10003) was added to the same seven genotypes.
For both exposure systems, seedlings were grown in charcoal filtered (CF) air in the
greenhouse for 30 days after planting. Plants at Zadok growth stage of 21-23 were selected and
the fourth leaf on the top of the main stem were tagged, and then moved to CSTRs or OPECs.

2.3.2. Ozone treatment

After being moved to the exposure systems, plants were acclimated for two days in CF
before treated with Os. In the CSTRs, five Oz treatments (CF, 50, 70, 90 and 110 ppb) were
used for 5 days (7 hr/day, at 25°C and 60% RH). 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 used. In the OPECs, plants were exposed for 14 days
to one of four Oz treatments using a predefined diurnal Os profile (CF, 50, 70, 90 ppb, 12hrs
average of 24hr diurnal profile, at 25/16°C day/night and 50% RH). The experimental designed
included eight OPECs, divided into two blocks were, four chambers each. Treatments were
randomly assigned to OPECs within block. Two plants per genotype were randomized to each
OPEC.
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2.3.3.  Os Injury Assessment

Two days after the end of exposure, the plants in the CSTR experiments were visually
assessed under constant light conditions for percent Oz injury on the fourth leaf of the main
stem. In the OPECs, all leaves on the main stem of plants were evaluated. However, only 3,
4™ and 5™ leaves were considered for statistical analysis, as the firstand second leaves showed
some evidence of senescence. A 0-100% scale was devised based on the percent of the leaf
exhibiting chlorosis and necrosis, as shown in Figure (11). This scoring guide was established
by scanning detached leaves on a flat bed scanner and analyzed using Assess 2.2, the APS

image analysis software (APS, Saint Paul, Minnesota, USA).

2.3.4. Dry Matter Accumulation Rate
In the OPECs, shoot dry weights were obtained before treatment for three plants per
genotypes and after treatments for all the treated plants, by drying samples in paper bags to
constant weight under forced air (55°C). Biomass data was not attempted in the CSTR
experiments because of the short period of exposure (5 days). Different dry mater parameters

were calculated:

- Dry Matter Accumulation Rate (DMAR)

Initial Dry Weight — Final Dry weight
DMAR:( y Weig y weight)

Exposure Duration
- Adjusted Dry Matter Accumulation Rate (ADMAR)

ADMAR (DMAR) 100
= X
Initial Dry Weight

This parameter was calculated to account for the differences in the initial weight among
the different entries tested.

- CF-Referenced Relative Dry Matter Accumulation Rate (RDMAR)

(ADMAR for individual plant) 9
Average ADMAR for their entry under CF

RDMAR = 100
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Figure (11): Ozone Injury Scoring Guide. O3 visible symptoms exposed to Oz in Continuous
Stirred Tank Reactors (CSTRs). Percent injury were assessed using scanned detached leaf
images, analyzed using APS Assess 2.2 (APS, Saint Paul, Minnesota, USA).
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This parameter accounts for two types of differences among genotypes: (1) the
differences in initial weight, and (2) the differences in dry matter accumulation rate under CF.
This parameter is ideal for estimating the effect of increased Os levels on the biomass

accumulation rate, and compare it across entries.

2.3.5. Statistical Analysis
Using the GImmix procedure in SAS 9.4 (SAS Inc., Cary, NC, USA), averages were
separated according to Tukey’s post-hoc test.

2.4. Results
24.1. Ozone Injury
24.1.1.  Seedling Screening in CSTRs

At an ozone exposure of 50 ppb, there were no significant differences in visual injury
between the genotypes, as shown in Figure (12). However, in comparing the genotypes, at an
O3 exposure of 70 ppb, LMPG-6 had 78.3% injury, which was significantly greater than
McNair 701 at 31.7%; Rusty at 15.0%; Little Club at 13.3%; Morocco at 11.7%; Chinese
Spring at 9.2%; and Line-E at 6.0%. Little Club and Chinese Spring had significantly less Os
injury than LMPG-6 at 90 ppb. At the highest exposure of 110 ppb, Chinese Spring had the
least amount of Os injury (20.8%), which was significantly less than Morocco (70.0%);
McNair 701 (78.3%); Rusty (86.7%); Line E (88.3%); and LMPG-6 (98.3%).

In comparing the ozone concentrations within each genotype, Chinese Spring showed
no significant difference in foliar injury from 50 ppb (0.6%) to 110 ppb (20.8%). LMPG-6
was the only genotype that had significantly greater injury at 70 ppb compared to 50 ppb.
LMPG-6, McNair 701, Rusty, Line E, and Morocco all had significantly greater injury at 110
ppb compared to 50 ppb, as shown in Figure (12).
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Figure (12): Oz injury on the fourth leaf of seven rust near-universal susceptible genotypes, at
four different Os levels, exposed for 5 days (7hrs/day, at 25°C and 60% RH) in CSTRs. Injury
were visually estimated, under constant light conditions according 0-100% scale. Mean
separation by Tukey’s post-hoc test.

24.1.2.  Seedling Screening in OPECs
In the OPECs, genotypes were exposed at 3 ozone concentrations, 50, 70, and 90 ppb,
as shown in Figure (11). At an exposure of 50 ppb, Thatcher and LMPG-6 had significantly
greater ozone injury than the other 5 genotypes. At 70 ppb, ozone injury to Morocco (35.1%),
Little Club (34.1%) and Chinese Spring (14.4%) was significantly less than the injury on
Thatcher (64.1%), LMPG-6 (54.7%), McNair 701 (49.8%), Rusty (47.8%), and Line E

(47.3%). Within all the genotypes, greater percentages of ozone injury were found at 90 ppb
compared to 50 ppb.
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Figure (13): Os injury on the 3™-5" |eaf of eight rust near-universal susceptible genotypes, at
three different Os levels, exposed for 14 days (12hrs/day, at 25°C and 50% RH) in OPECs.
Injury was visually estimated, under constant light conditions according 0-100% scale. Mean
separation by Tukey’s post-hoc test.

As shown in Table (1), the genotypes can be ranked by relative ozone injury. Chinese
Spring can be considered to be ozone tolerant, and LMPG-6 and Thatcher as ozone sensitive.
The other five genotypes had moderate ozone injury, compared to the sensitive and tolerant
genotypes. Based up on their ranking, and could be used with either little Club (tolerant) or
Morocco (moderately sensitive) as a contrasting pair to study the effects of O3 responses on
different races of leaf rust. LMPG-6 (sensitive) or McNair 701 (moderately sensitive) could be
used with Chinese Spring as contrasting pairs to study Oz effects of different stem rust races.
Surprisingly, the durum wheat variety, Rusty was ranked moderately sensitive. Durum wheat

is known to be more tolerant to Os than bread wheat (Biswas et al., 2008a).
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Table (1): Relative ozone responses of eight rust near-universal susceptible wheat genotypes,

conducted under different ozone levels, for different exposure periods, in two different

systems: Continuous Stirred Tank Reactors (CSTRs) and Outdoor Plant Environment

Chambers (OPECs). Varieties were ranked according to their overall responses in two

screening studies.

Gonoype S
Thatcher n/a
LMPG-6 70.83 (a)
McNair 701 43.75 (b)
Rusty 43.00 (b)
Line E 41.92 (b)
Morocco 35.42 (b)
Little Club 30.67 (b)
gg;innegse 11.25 (c)

Screening
in OPECs*

65.56 (A)
60.14 (AB)
50.25 (BC)
48.56 (BC)
43.39 (C)
37.94 (C)
37.19 (CD)

24.51 (D)

Ranking

Sensitive

Sensitive

Moderately Sensitive
Moderately Sensitive
Moderately Sensitive
Moderately Sensitive
Moderately Sensitive

Tolerant

Rust
Susceptibility
Leaf Rust
Stem Rust
Stem Rust
Stem Rust
Stem Rust
Leaf Rust

Leaf Rust

Stem Rust

*, Average visible injury on the 4" leaf of the main stem under four O3 concentrations (50, 70,
90, 110 ppb, 7h d*?, for 7 days), in CSTRs.

# Average visible injury on the 3'9-5" eaf of the main stem under three O3 concentrations (50,

70, 90 ppb, 12h average, predefined diurnal profile, for 14 days), in OPECs.

2.4.2. Dry Matter Accumulation Parameters

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 inoculation, as shown in Figure (14). These genetic differences in biomass

might affect the dry matter accumulation rate. This hypothesis was tested by investigating the

regression lines of the dry matter accumulation rate on the initial dry weight.
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Figure (14): The initial dry weight (gm) of the eight genotypes at 30 days after planting (DAP),
and prior to Oz treatment in OPECs.

The initial dry weight showed negligible effect on the dry matter accumulation rate of
the eight genotypes in charcoal filtered air, as shown in Figure (15). However, initial dry weight
showed greater effects on the dry matter accumulation rate under the three Oz exposure
concentrations in the OPECs. This indicated that smaller plants had lower dry matter
accumulation rates than larger plants under elevated Oz concentrations, whereas plant size had
no effect on dry matter accumulation rates in charcoal filtered air. This differential dry matter
accumulation rate under different Oz concentrations is mainly derived by durum wheat line
‘Rusty’, which could be observed when we separate the seven bread wheat genotypes as shown
in Figure (16). These finding suggested the correction of dry mater accumulation rates to the
initial dry weight, as applied in calculating the relative dry matter accumulation rate
(RDMAR).

77



2.00
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20

Dry Matter Accumulation Rate (gm/day)

0.00

0.08

0.1 O

12

0.14

0.16

0.18

0.2

Initial Weight (gm)

0.22

Linear (CF)

eeeccss |inear (50
ppb)

eeccceslinear (70
ppb)

eeccces inear (90
ppb)

0.24

y =0.7425x + 1.2902
R?=0.0131

y =4.8735x + 0.3044
R*=0.443

y =4.7032x + 0.2481
R?=0.3544

y =5.3715x - 0.0178
R? = 0.4022

Figure (15): The regression line of the dry matter accumulation rate on the initial weight of

the eight genotypes under different O3 treatments.
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Figure (16): The regression line of the dry matter accumulation rate on the initial weight of

the seven bread wheat genotypes under different Oz treatments.
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There was a reduction in the rate of biomass accumulation caused by increasing ozone
concentrations for all the genotypes, as compared to charcoal filtered air as shown in Figure
(17). However, for every 1% increase in Oz concentration, the dry matter accumulation rate
for Chinese Spring was decreased 0.23%, whereas Rusty was decreased by 0.75%. LMPG-6

had a reduced hiomass accumulation rate of 0.59% and the rate of Thatcher was at 0.62%.
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Figure (17): Relative dry matter accumulation rate of eight rust near-universal susceptible
genotypes at different Oz levels (12hrs/day, at 25°C and 50% RH, for 14 days in OPECs),
referenced to their RDMAR in Charcoal filtered air (Os= zero ppb).
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Although it does not consider the initial weight, CF-referenced post-treatment dry
matter parameter resulted in a similar ranking as shown in Figure (18). Chinese Spring were
the most tolerant genotype, with only 0.2% reduction in dry matter accumulation rate, for every
1 ppb Os increase, whereas the similar decrease in O 3 resulted 0.77% in the dry matter

accumulation rate of Rusty.
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Figure (18): Regression lines of post-treatment dry matter of eight rust near-universal
susceptible genotypes referenced to the genotype average dry matter in Charcoal filtered air
(Oz= zero ppb). Tested Os treatments were CF, 50, 70 and 90 ppb (12hrs/day, at 25°C and 50%
RH, for 14 days in OPECs).
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2.5. Discussion

The goal of this study was to determine the O3 responses of the key rust near-universal
susceptible panel of eight wheat genotypes. This is the first step towards: (1) identifying the
genetic control of Os tolerance in wheat, (2) elucidating Os effects on different rust races and
their consequent effects on the wheat phytobiome, and (3) identifying suitable genotypes for
biomonitoring O3, with using the rust-susceptible lines that can detect rust spores. In order to
achieve this goal, the panel was screened in two different O3z exposure systems (CSTRs and
OPECs), and their visible injury and biomass responses were investigated.

The results indicated that Os exposure differentially affected these eight genotypes.
This suggested that such key genotypes are suitable for the aforementioned applications.
Although differences in Oz responses were documented among wheat cultivars (Biswas et al.,
2013; Mills et al., 2011), more information on key genetic stock material was needed. Hence,
this research provided the foundation for utilizing the differential responses of key wheat

genotypes in for wheat breeding and rust investigations.

Chinese Spring was the most tolerant genotype to both Os-induced symptoms and
biomass reductions. As a result, this central variety for genetic studies of wheat (Mayer et al.,
2014), which is usually used as a parent that lacks many agronomic traits (Quarrie et al.,
2005b), could be used as a source of Os tolerance, based up on the evidence provided here. In
addition, the wide diversity of available genetic stocks in Chinese Spring (Quarrie etal., 1994)
makes it an ideal for identifying the location Os tolerance in wheat. Currently, Os tolerance is
attributed to the AB genome, whereas the sensitivity has been found in the D genome (Biswas
etal., 2008a). Because of the availability of the 21 monosomic lines in Chinese Spring, it could

be used to correlate O3 tolerance or insensitivity at the chromosome level.

The cultivar Thatcher and the breeding line LMPG-6 were the most Oz-sensitive
genotypes. Because Thatcher is a near-universal susceptible to wheat leaf rust (Darino et al.,
2015), Thatcher could be used for characterizing the two traits simultaneously. Near-isogenic

lines (NILs) for most of the leaf rust (Lr) resistance genes are currently available in the
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Thatcher background (Kolmer, 2015; Kolmer, 2005; Mclintosh et al., 1995). These NILs
could be used to investigate possible pleotropic effects of the Lr genes on Oz response. This
pleotropic effect could be hypothesized because of the central role that ROS plays in both O3
stress, and the hypersensitive response mediating resistance conferred by many major-effect
resistance genes. The Thatcher NILs could also be used to investigate the effects of Oz on the
efficacy of single leaf rust resistance genes. The resistance proteins encoded by those Lr genes
are most likely encountered by the non-specific ROS burst, and their integrity and functionality
might be affected.

Moreover, Thatcher caries a complex adult-plant resistance to stem rust (Hiebert et
al., 2016); therefore, it can be used for studying Oz interaction with this type of stem rust
resistance, when compared to LMPG-6, the Os-sensitive, and stem rust susceptible genotype.
One of the mapping populations in the Hiebert et al study, was made from the cross of RL6058
(GSTR 433) by Chinese Spring. RL6058 is a Thatcher backcross line having the rust resistance
gene Lr34. So, this mapping population could be used to investigate ozone tolerance. Although

it would first need to be determined, whether Lr34 has an effect on ozone tolerance in Thatcher.

Studies investigating O3z effects on leaf rust races and their phytobiomes could use
Thatcher as a sensitive genotype, and use Morocco or Little Club as moderately tolerant
genotypes, as all three genotypes are widely used as universal susceptibles for leaf rust (Ali,
1994). The genotypes LMPG-6 and Chinese Spring are susceptible to most races of stem rust,
and could be used as simultaneous rust and Oz bioindicators.

These pairs of genotypes with contrasting Os responses are useful tools for studying
the biological and physical components of the wheat phytobiome. Elevated Oz affects wheat
interactions with soil microorganism, changing their processes and community structure, in
addition to carbon allocation. Elevated ozone decreased the fungi/bacteria ratio, and the
magnitude of this change was dependent on the Oz response of the wheat cultivar (Li et al.,
2012). These effects may have also influenced soil organic matter decomposition, nutrient

turnover, and possibly greenhouse gas emission (Li et al., 2012). Using rust susceptible
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varieties in such studies could show the indirect effects of Oz on different rust races by

changing their microbiome context.

Os-sensitive cultivars showed increased yield reductions under combined drought and
O3 stress when compared to drought alone (Xu et al., 2007). This is likely due to Oz-induced
ethylene production that interferes with stomatal closure and causes reduced drought tolerance
(Wilkinson et al., 2011). Cross-tolerance to Oz and drought was not observed in wheat
(Biswas and Jiang, 2011). Five years of elevated Oz stimulated soil N availability, but
suppressed grain yields (Chen et al., 2015). This was due to increased NH4* availability and
decreased microbial ability to retain NH4*, which increases Nitrogen losses. However, these
effects were less pronounced in Os-tolerant than Ogz-senstive cultivars. Elevated Os also
increased soil pH (Li et al., 2013), which could alter several soil chemical, physical and
microbial structure. Rust susceptible varieties with known O3 sensitivity could be used to
investigate the interplay of several soil factors belowground, and the rust populations on the

shoots above ground

In conclusion, the results presented in this research could accelerate breeding for O3
tolerance using existing resources, as well as, it would facilitate simultaneous breeding for leaf
rust and/or stem rust resistances and Os tolerance using the same breeding materials. A
potential next step could be screening existing mapping populations involving the ozone
tolerant and ozone sensitive genotypes found in this study, to better understand any relation
between Os tolerance and specific leaf or stem rust resistance genes. This is could be conducted
on a global scale through new approaches, such as “Delivering the Genetic Gain in Wheat”,
the next phase of the BGRI. Another important step is to implement the results discussed here
for deciphering the multifactorial interactions of different phytobiome components under
elevated Os. The multidisciplinary approach offered by phytobiome studies, and the open
discussion it initiated between academia, industry and the public entities are optimum for

maximizing the benefits of such information.
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3. Ildentification of the Genetic Control of Ozone Tolerance in Wheat (Triticum

aestivum L. cv. Chinese Spring) at the Chromosome Level.

3.1. Abstract

Ambient air ozone (O3) pollution is a major challenge to wheat production worldwide,
especially in heavily populated developing countries, where more food production is needed.
Breeding Os-tolerant wheat varieties is the most suitable adaptation in the absence of a
concerted international effort to reduce the emission of Oz precursors. Identifying the genetic
control of Oz tolerance and associated markers is an essential first step towards breeding Os-
tolerant varieties that maintain high yield under current and anticipated future increases in Os

levels.

Very little is known about the genetic control of Oz responses in wheat. Os tolerance is
currently attributed to subgenomes A and B, whereas the sensitivity is thought to be inherited
from subgenome D. However, there is no information available at chromosome or loci levels.
The individual chromosome contribution could be identified by screening the 21 monosomic
lines (each of which lack one chromosome) of any wheat variety against its full genome, and
correlate its Oz response (sensitivity or tolerance) to one of the chromosomes. An ideal variety

for this purpose is Chinese Spring, the corner stone for genetic studies of wheat.

This paper investigated individual chromosome contribution to the genetic control of
O3 response of the Chinese Spring variety, by screening its 21 monosomic lines, and comparing
them to the response of the full genome. Plant material was screened at the seedling stage,
under different O3 treatments, in two different gas exposure systems. Visible injury results
suggested that the observed Os tolerance is correlated with chromosomes 7A, with no evidence
for sensitivity factors associated with any subgenome D chromosome. Mapping population
from the cross between Chinese Spring and Os-sensitive varieties, (e.g. Thatcher) could
determine the exact location(s) of Os tolerance gene(s) and identify the associated genetic

marker(s).
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3.2. Introduction

Tropospheric Ozone (Os) is a secondary air pollutant and a global warming gas in
ambient air, the concentrations of which have been increasing since the industrial era, and are
expected to continue to increase in the future (IPCC, 2014a). It is formed by photochemical
reactions between non-methane volatile organic compounds (NMVOCSs) and nitrogen oxides
(NOy) (IPCC, 2014b). After being formed in ambient air, Oz molecule could be inhaled by
human and animals, causing respiratory problems. In addition, it could diffuse into plant
leaves, where it is considered the most phytotoxic air pollutant (Sandermann et al., 1998).

Ozone has a high oxidizing power (+2.07 eV) (Iriti and Faoro, 2007), a high diffusion
coefficient through plant leaves (similar to CO.), and a high solubility in water (10 times higher
than CO») (Zuccarini, 2009). Therefore, Oz molecules penetrate directly into the leaf through
opened stomata and immediately dissolve in the apoplastic fluid, generating primary Reactive
Oxygen Species (ROS) in the apoplast (Vaultier and Jolivet, 2015). If not detoxified, these
non-biogenic ROS react directly in the apoplastic fluid within the cell wall and/or plasma
membrane, inducing a self-propagating oxidative burst of biogenic ROS that spreads to the
surrounding tissue (Pellinen et al., 1999; Vahisalu et al., 2010). The resulting oxidative stress
causes visible injury, biomass and yield reduction in sensitive plants including major crops,

such as wheat, soybean, corn and rice, threatening global food security.

Wheat (Triticum aestivum L.) is one of the most sensitive crops to elevated Os at all
growth stages (Singh and Agrawal, 2010). Currently, wheat yield reduction due to elevated
Os is estimated to be 7-12% of the yield worldwide, and is expected to reach 9-18% by the
year 2030 (Avnery et al., 2011a; Avnery et al., 2011b; Feng and Kobayashi, 2009).
Breeding wheat for O3 tolerance is essential for increasing yield under Os stress (especially in
developing countries), and is very essential adaptation needed for sustainably producing 70%
more food by 2050 (Shiferaw et al., 2013; Tester and Langridge, 2010).

Wheat is also grown in about 15.5% of arable land, making it one of the most widely

grown crops worldwide (FAO, 2016). It encounters elevated Oz concentration nearly
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everywhere it is grown. This wide spread of Os stress was expected to evolve modern wheat
varieties towards increased Os tolerance, however, evidence support the opposite trend
(Biswas et al., 2008b). By selection for higher stomatal conductance and less mesophyll
resistance to gas diffusion (Barnes et al., 1999), a recipe for higher O3 sensitivity. Therefore,
active selection is critical for increasing Os tolerance in wheat. However, breeding efforts are
limited by the lack of information on the genetic control for the trait, the absence of associated

genetic marker associated, and the complexity of the wheat genome.

Wheat genome is an allohexaploid (2n = 6x = 42 chromosomes; genomic code
AABBDD), consists of three closely related diploid subgenomes, AA, BB and DD (Eversole
et al., 2014; Marcussen et al., 2014). There is only one report (Biswas et al., 2008a) on the
source of O3 responses in hexaploid wheat, which attributed the origin of Oz sensitivity in
bread wheat to subgenome DD. However, to our knowledge, there are no reports on the genetic
control of Oz responses at chromosome level. A screening of the 21 monosomic lines (each of
which lack one chromosome) of any wheat variety against its full genome could correlate its
O3 response (sensitivity or tolerance) to one of its chromosomes. An Ideal material for this
purpose is Chinese Spring and its 21 monosomic lines. Since they were first developed in 1953,
these monosomic lines were used to associate wheat traits to specific chromosomes (Sasaki et
al., 1963). To our knowledge, such materials have never been used for identifying O3z genetic

control at the chromosome level.

Chinese Spring is a central variety for genetic studies of wheat (Mayer et al., 2014).
Since it is agronomically unsuitable (Quarrie et al., 2005b), it is often used as a reference for
mapping desired traits. It is frequently crossed to a contrasting genotype, and the resulting
mapping populations are phenotyped and genotyped to identify the genetic control and
associated genetic markers (Salamini et al., 2002). Due to the low content of abscisic acid in
Chinese Spring, it was crossed with two high abscisic content genotypes (Ciano 67 and SQ1),
and mapping populations were used to identify QTLs to associated to high abscisic acid content
(Quarrie et al., 1994). A similar procedure was used to identify QTLs for high grain weight
in “Rye Selection 111” (Kumar et al., 2006).
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Stomata are the entry point for Os, and they control stomatal conductance and gas
exchange. The absence of each Chinese Spring chromosome was found to affect the
characteristics of the stomatal apparatus, such as number, length and width of stomata, as well
as the distance between stomata or between stomatal rows (Davydov, 1999). However, the
conclusions drawn from this research should be contingent on the suitability of the disomic
control used as a substitute for the cultivar itself. Indeed, this depends on the nature of
chromosome substitution led to the formation of the disomic control. Yet, it showed an
example for the use of monosomic lines in determining the effect of individual chromosomes

on different traits.

In a series of studies (Quarrie et al., 2005b; Quarrie et al., 2006; Quarrie et al.,
2007), a doubled haploid population from the cross between Chinese Spring and SQ1 were
used to identify QTLs associated with yield under different stresses including elevated ambient
Os. However, no data were presented to show any differential O3z response between the two
parents, or the genetic gain expected in the population (Quarrie et al., 2007). Consequently,

no QTLs specific to elevated Oz were designated.

This paper is the first attempt to identify the effect of each chromosome of Chinese
Spring variety on its Oz response. In a previous screening, Chinese Spring was found to be the
most Os-tolerant among eight genotypes tested (Mashaheet et al., 2016c). Therefore,
screening the monosomic lines of Chinese Spring could correlate its Oz tolerance to one of its
21 chromosomes. Chinese Spring is also the variety chosen by the International Wheat
Genome Sequencing Consortium to sequence the whole genome of wheat, the first draft of
which is already published (Mayer et al., 2014). This will allow a full genome reference to
precisely map any identified markers and genes, and facilitate the incorporation of that marker
in breeding programs.

In order to achieve this objective, seedlings of Chines Spring cultivar (full genome)

and its 21 monosomic lines were screened in two different Oz exposure systems: Continuous
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Stirred Tank Reactors (CSTRs) and Outdoor-plant Environment Chambers (OPECs), and O3

injury and biomass data were collected.

3.3. Materials and Methods

3.3.1. Plant Materials
For both studies, seedlings of Chinese Spring variety and its 21 monosomic lines were
grown in charcoal filtered (CF) air in the greenhouse for 30 days from planting. Plants at
growth stage of 21-23 in Zadok’s scale were selected for growth stage and canopy status, the

fourth leaf on the top of the main stem were tagged, and then moved to CSTRs or OPECs.

3.3.2. Ozone treatment

In both systems, plants were acclimated for 2 days in CF before treatement with Oz. In
CSTRs five O3 treatments (CF, 50, 70, 90 and 110 ppb) were used for 5 days (7hrs/day, at
25°C and 60% RH). The experiment design involved 15 chambers in three blocks. Each
treatment was randomly assigned to one chamber per block. One plant per genotype per
chamber was used. In OPECs, Plants were exposed for 14 days to one of four Oz treatments
using a predefined diurnal Oz profile (CF, 50, 70, 90 ppb, 12hrs average, at 25/16°C day/night
and 50% RH). Eight OPEC chambers divided into two blocks were used. Each treatment was
randomly assigned to one chambers per blocks. Two plants per genotype were randomized

within each chamber.

3.3.3. Ozone Injury Assessment
For plants treated in CSTRs, two days after the end of exposure, percent O3 injury on
the fourth leaf of the main stem was visually assessed following a 0-100% scale, whereas, all
leaves on the main stem of plants treated in OPECs were evaluated. However, only 3'-5%"
leaves were considered for statistical analysis, as the firstand second leaves showed some signs

of senescence, and not all plants had leaves above the fifth.

3.3.4. Dry Matter Accumulation Rate
In OPECs, shoot dry weight was measured before treatment (6 plant for Chinese
Spring, and 3 plants per monosomic line) and after treatments for all treated plants. Biomass
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data was not attempted in the CSTRs study because of the short period of exposure limited

biomass gain. Three dry mater parameters were calculated:

- Dry Matter Accumulation Rate (DMAR)

Initial Dry Weight — Final Dry weight
pMAR < & y Weig y weight)

Exposure Duration

- Adjusted Dry Matter Accumulation Rate (ADMAR)

ADMAR (DMAR) 100
= X
Initial Dry Weight

This parameter was calculated to account for the differences in the initial weight among
the different entries tested.

- CF-Referenced Relative Dry Matter Accumulation Rate (RDMAR)

(ADMAR for individual plant) o
Average ADMAR for their entry under CF

RDMAR = 100

This parameter accounts for the differences in initial weight and the differences under
CF. It was suitable for estimating the effect of increased O3 on the biomass accumulation rate,

and compare it across entries (Velissariou et al., 1992).

3.3.5. Statistical Analysis
Using the GImmix procedure in SAS 9.4, averages were separated according to Dunnett

test, using the cultivar with complete genome as the control.
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3.4. Results
3.4.1. Ozone Injury
In CSTRs, the lack of chromosome 7A was correlated with significant increase in Os
visible symptoms scored on the fourth leaf as illustrated in Figure (19), which suggests that
chromosome 7A is essential for Chinese Spring tolerance to Oz visible symptoms. The absence
of any other chromosome did not cause any significant differences from the full genome. None
of subgenome D chromosomes seems to be responsible for sensitivity, as their absence did not

cause any decrease in Oz injury.

Control Differences with Dunnett-Hsu Adjustment
With 95% Decision Limits

20 Control = 0-Cultiv, Mean = 11.0833
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Figure (19): Os injury on the fourth leaf of Chinese Spring variety and its 21 monosomic lines,
at four different O3 levels, exposed for 5 days (7hrs/day, at 25°C and 60% RH) in CSTRs.
Upper and lower decision limits (UDL and LDL, respectively) at a=0.05 are determined using

Dunnett-Hsu adjustment.
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Ozone injury data in OPECs supported the results obtained in CSTRs as illustrated in
Figure (20). The absence of chromosome 7A also correspond to the only significant change in
Os injury. This further supports chromosome 7A correlation to the tolerance of Chinese Spring
to Oz visible symptoms. Subgenome D chromosomes did not cause any significant decrease in

O3 symptoms when they were absent.

Control Differences with Dunnett-Hsu Adjustment
With 95% Decision Limits

upbL
40

S EEETEn ||
| |

Injury LS-Mean

20

LDL
10 Control = 0-Cultiv, Mean = 26 9167

1A 1B 1D 2A 2B 2D 3A 3B 3D 4A 4B 4D 5A 5B 5D 6A 6B 6D 7A 7B 7D
Entry

Figure (20): O3 injury on the 3"-5'" leaf of Chinese Spring variety and its 21 monosomic lines,
at three different Os levels, exposed for 14 days (12hrs/day, at 25°C and 50% RH) in OPECs.
Upper and lower decision limits (UDL and LDL, respectively) at a=0.05 are determined using

Dunnett-Hsu adjustment.
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3.4.2. Dry Matter Accumulation Rate
The absence of chromosome 1A and 7D caused significant decrease in the initial shoot
dry weight at 30 after planting, as shown in Figure (21). The presence of significant differences
in initial shoot dry weight among entries, indicated that Oz effects on dry matter accumulation
rates must be adjusted to the initial weight before treatment (RSDAR).

Control Differences with Dunnett Adjustment
With 85% Decision Limits
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Figure (21): Mean shoot dry matter of 21 monosomic lines of Chinese Spring wheat at the
initial time point 30 days after planting, compared to the cultivar with complete genome
(Cultivar). Upper and lower decision limits (UDL and LDL, respectively) at a=0.05 are

determined using Dunnett adjustment.

The dry matter accumulation rate was affected by the initial dry weight. This indicated

that smaller plants had lower dry matter accumulation rates than larger plants under all
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treatments used, as shown in Figure (22). These finding suggested the correction of dry mater
accumulation rates to the initial dry weight, as applied in calculating the relative dry matter
accumulation rate (RDMAR).
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Figure (22): The regression line of the dry matter accumulation rate on the initial dry weight

of the Chinese Spring and its 21 monosomic lines under different O3 treatments.

By referencing to the ADMAR at CF, and the calculation of CF-referenced ADMAR,
we were able to compare slope of the curve of different entries as illustrated in Figure (23).
The absence of chromosome 7A had the highest effect on shoot dry matter accumulation rate.
For every increase of Oz concentration by one ppb, this monosomic line showed 0.45% less
RDMAR than CF, which resulted in about 50% lower RDAR at 90 ppb O3 after 14 days of
exposure. On the other hand, the absence of chromosome 5D resulted in shoot dry matter
insensitivity to Os. The RDMAR curve was almost flat, suggesting that chromosome 5D is

critical for the biomass sensitivity of Chinese Spring to Oa.
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Figure (23): Relative dry matter accumulation rate of Chinese Spring wheat and its 21
monosomic lines at different Oz levels (12hrs/day, at 25°C and 50% RH, for 14 days in
OPEC:s), referenced to their RDAR in Charcoal filtered air (O3= zero ppb).
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3.5. Discussion

The goal of this study was to determine the individual chromosome contribution
towards Os tolerance in Chinese Spring wheat. This objective was achieved by screening the
cultivar with complete genome and its 21 monosomic lines under different Oz treatments, in
two different gas exposure systems. Characterizing the chromosome basis of O3 response is a
first step towards achieving a better understanding at DNA level, especially when the final full
genome sequence of this variety is published as expected next year, or even with the first draft
currently available (Mayer et al., 2014).

O3 injury and biomass data showed that chromosome 7A is critical for Oz tolerance in
CS, whereas chromosome 5D was correlated to biomass Oz sensitivity, but not visible
symptoms. These findings are in agreement with previous report (Biswas et al., 2008a)
attributing Os tolerance in hexaploid wheat to subgenomes AABB, and sensitivity to
subgenome DD. Biswas et al., (2008) came to this conclusion by comparing wild and
cultivated winter wheat varieties, including those closely related to modern wheat progenitors.
They found that durum wheat (AABB) was the most Oz-tolerant, followed by T. monococcum,
a successive sister of T. urartu, the more likely origin of genome AA (Marcussen et al., 2014).
Here we provided direct evidence using hexaploid wheat that chromosome 7A is essential for
tolerance to Oz, using both Os injury and biomass accumulation rate. Meanwhile, (Biswas et
al., 2008a) found that Aegilops tauschii, a goatgrass and the donor of subgenome DD, was the
most Os-sensitive progenitor. In this paper, the presented results narrowed that down to
chromosome 5D, which was correlated with biomass Oz sensitivity, but not visible injury

symptoms.

To our knowledge, there is only one study that invested the differences in the
characteristics of the stomatal apparatus as a result of individual chromosome absence in each
of the monosomic lines of the Chinese Spring (Davydov, 1999), which might explain some of
the changes in Oz responses. The study showed that the absence of chromosome 7A was
associated with the least stomatal length amongst all monosomic lines, which indicates that the
increased sensitivity reported here is likely derived by other mechanism(s) that is/are not
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affected by the size of stomata. These mechanisms of increased sensitivity in the absence of
chromosome 7A could include lower Oz detoxification or reduced ability of injury
containment. The absence of chromosome 5D associated with biomass insensitivity to O3 in
this study, was shown by (Davydov, 1999) to significantly reduce the number of stomata on
both leaf surfaces, and increase stomatal width on the lower surface only. The number of
stomata does not seem to have a significant impact on Oz responses in Chinese Spring, because
the absence of chromosome 5A caused more reduction in the number of stomata (by 29.9%
and 53.4% on the upper and lower leaf sides respectively) comparing to the disomic control
(Davydov, 1999). However, the results presented here showed that the absence of chromosome

5A had no significant impact on O3z responses.

Although wheat subgenomes have evolved after divergence, at all ploidy levels
(diploid, tetraploid and hexaploid) (Mayer et al., 2014), studying wheat progenitors still
provides useful information. Since their divergence, wheat subgenomes undergone dynamic
gene gain, loss, and duplication (Mayer et al., 2014), but this did not seem to affect the
conclusion drown about O3z responses using progenitors. Each of the hexaploid wheat
subgenomes showed high sequence similarity to the wild progenitor, with retained structural
conservation and limited gene loss (Mayer et al., 2014). Therefore, the diversity in hexaploid
wheat responses to Oz might be explained by the observed transcriptional dependence evolved

between subgenomes, without global dominance of any subgenome (Mayer et al., 2014).

Chinese Spring was selected for this study for two reason: (1) the central role it plays
in wheat genetic studies and because it was found to be Oz tolerant (Mashaheet et al., 2016c),
and (2) the availability of its 21 monosomic lines. Nevertheless, the same procedure used here
with Chinese Spring could be applied to other varieties with available monosomic line stocks,
such as Thatcher, where sensitivity could be correlated to any of the chromosomes. More
advanced techniques such as chromosome substitution and the formation of disomic wheat
lines with sensitive background genome with individual chromosome replacement from
Chinese Spring is another procedure that could be used to narrow down the genetic control of
O3 tolerance in Chinese Spring. For example, the replacement of chromosome 5D in Chinese
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spring with the same chromosome from another variety could confirm the role of 5D in Os
sensitivity. An ideal disomic will be a Thatcher disomic with chromosome 7A from Chinese
Spring. Thatcher was found to be sensitive to Oz (Mashaheet et al., 2016c¢). The use of the
sensitive Thatcher background genome with chromosome 7A would verify the role of
chromosome 7A as a source of tolerance if the resulting disomic become more tolerant. The
results discussed in this research makes this procedure is more feasible. The results presented
in this paper were obtained at the seedling stage, and further studies at adult plant stage are
needed.

A next step towards identifying O3 tolerance or sensitivity loci is to study mapping
population of Chinese Spring chromosomes 7A and 5D respectively. Parents of mapping
populations for Oz responses should be selected based upon their Oz responses. A doubled
haploid population from the cross between Chinese Spring and SQ1 were used to identify
QTLs associated with yield under different stresses including elevated ambient Oz (Quarrie
et al., 2005b; Quarrie et al., 2006; Quarrie et al., 2007). However, no QTLs specific to
elevated Oz were designated (Quarrie et al., 2007). This might be due to the lack of differential
O3 response between the two parents. Mapping populations of the cross between CS and key
Os sensitive varieties might be more informative. An ideal candidate for such purpose is the
hard red spring wheat variety Thatcher. It also was found to be very sensitive to O3
(unpublished data). It is a key wheat variety, known for its susceptibility to leaf rust, widely
used in mapping resistance genes for leaf rust (Bolton et al., 2008).
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4. Relative Os-Responses of Some Winter Wheat Genotypes, and Their Suitability for

Breeding Rust and Ozone Tolerant Varieties.

4.1. Abstract

Elevated ground level ozone concentrations and the rapidly evolving rust diseases are
major threats to wheat production worldwide. Breeding hard red winter wheat cultivars that
are adapted to eastern United States is currently performed. Identifying the O3 responses of
wheat materials used in breeding programs is the first step towards breeding resilient varieties.
This study investigated the Oz responses of 24 soft and hard red winter wheat varieties, in

relation to some other varieties from different wheat classes and different cereal crops.

First, we summarized Oz monitoring data collected, from a typical sub-urban location
in Raleigh NC, USA, during wheat active growing season (March-May) over the last 10 years,
and compared them to the recent reports on Oz level trends in the region. Results indicated that
the 12hr average Os concentrations were mostly above the threshold of 40 ppb for sensitive
plants, with a trend towards decline over years and over moths within the year. However,
hourly average data from the 2015 showed high variability in daily and extended cycles of high
overnight, low daytime or typical Oz peaks. These fluctuations indicated that O3 stress could
be a limiting factor to wheat in the region, and showed the importance of considering O3

responses of breeding materials used in this area.

Second, we investigated the relative Oz responses of 12 hard and 10 soft red winter
wheat genotypes, in comparison with one hard white winter and two spring wheat genotypes,
as well as two varieties of each of oat, triticale and barley. Plants were exposed at seedling
stage to one of five O3 treatments (CF, 50, 75 or 100 ppb for 8h d1) in CSTRs. O3 injury results
indicated that on average winter wheat was more tolerant than spring wheat, similar to oat, and

more sensitive than triticale and barely.

Tested hard wheat genotypes were found to be more sensitive to O3 than soft wheat,

indicating the importance of considering the Oz responses of parents used to increase improve

98



hardness. The tested red wheat genotypes exhibited a decrease in sensitivity to Oz-induced

foliar injury over time of cultivar release, with a higher rate of decline after the year 2000.

Finally, Coker 9553 and MDO01W28-08-11are two genotypes and breeding parents that
showed differential O3 responses at seedling stage in the first experiment, and were selected to
investigate their yield responses under four Oz (CF, 50, 75 or 100 ppb, 12h average) treatments
in OTCs. Total yield results showed that under low Oz Coker-9553 had higher yield, but yield
declined under higher Oz treatments. On the other hand, MD01W28-08-11 showed yield
superiority under high Os concentrations, which makes it a good source of Oz tolerance.
Because these two parents have also contrasting adult-plant responses to stem rust races
(including races in Ug99-lineage), they are a suitable pair for simultaneous breeding for both

stressors.
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4.2. Introduction

Breeding wheat (Triticum aestivum L.) cultivars with resiliency to biotic and abiotic
stresses is essential for global food security. In North Carolina, as in most wheat growing areas
of the U.S. east of the Mississippi River, the commonly-grown market class of wheat is soft
red winter. Flour from soft red winter wheat is typically used for cakes, cookies, biscuits, and
similar products. Niche markets of hard winter wheat (red or white) have become established
in parts of North Carolina (Sethi, 2015). Hard wheat flour is primarily used for bread and
pastries. There are several diseases and insects that limit wheat production in the eastern U.S.,
including the potential for epidemic spread of rust diseases. In addition, trends in elevated
ozone (O3) concentrations in the eastern U. S. over the last few decades showed increased
levels in winter, and no decrease in spring, despite the improvement achieved in summer,
which indicated that O3 levels are still high during the wheat growing season (Cooper et al.,
2014; Lee et al., 2014; Monks et al., 2015; Parrish et al., 2013). Furthermore, Os flux into

wheat leaves are expected to be high under the high humidity and rainfall in the eastern U. S.

It could be advantageous to simultaneously breed wheat for ozone tolerance and rust
resistance. If attempted, it will be limited by the lack of information on O3 response in wheat
germplasm, and genetic markers needed for markers-assisted selection. In fact, breeding wheat
for Os tolerance alone is yet to be attempted on a rigorous scale (Ainsworth et al., 2008; Mills
et al., 2011). Some research suggests that modern varieties of wheat are more sensitive to O3
than older varieties (Biswas et al., 2008b; Biswas et al., 2013; Pleijel et al., 2006). This may
be a result of selecting wheat for high stomatal conductance, and less mesophyll resistance to
gas diffusion, and consequently higher photosynthesis (Biswas et al., 2008b; Biswas et al.,
2013). However, this is a recipe for Oz sensitivity, especially when conducted under
inconsistent Oz selection pressure (Ainsworth et al., 2008).

Wheat has been shown to be one of the most sensitive major crops to elevated ground-
level O3 (E-Os) concentrations (Mills et al., 2007). Oz is one of nature's most powerful
oxidizers, with the triatomic-oxygen molecule being extremely unstable and immediately

oxidizes everything it encounters (Haynes, 2015), including the external and internal tissues
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of wheat (Booker et al., 2009). Ozone has similar diffusion ability to CO> through plant leaves
(Fares et al., 2012), but Oz has higher solubility in water (Haynes, 2015), which facilitates Os
flux into plant tissue. After penetrating through stomata, it immediately dissolves in the
apoplastic fluid and generates primary reactive oxygen species (ROS) (Iriti and Faoro, 2007).
If not detoxified, these Os-originated ROS react directly in the apoplastic fluid, the cell wall
and/or plasma membrane, inducing a self-propagating oxidative burst of biogenic-ROS that
spreads to the surrounding tissue, similar to the hypersensitive response (HR) resulting from
incompatible host/pathogen interactions (Pellinen et al., 1999; Vahisalu et al., 2010). These
Os induced oxidative bursts might interfere with host/pathogen induced HR if they co-occur.
Successful HR-mediated resistance requires appropriate timing and magnitude of ROS

initiation and containment, which might be disrupted by Os-induced ROS.

Ozone effects on wheat are dose dependent (Liu et al., 2015b). Current Os
concentrations are estimated to reduce grain yield by 10% with additional 20% losses estimated
under future concentration (Feng and Kobayashi, 2009; Van Dingenen et al., 2009). In
addition to the biomass and yield losses, chlorotic and necrotic symptoms could affect wheat
interactions with epiphytic and endophytic microbiome. Trends in Oz concentrations suggest
that O3 effects on wheat plants are taking place at a global scale, however, the effects are more
pronounced in developing countries, where food security is already endangered and greater
food production is needed (Shiferaw et al., 2013; Tester and Langridge, 2010). Os transport
ranges from local to hemispheric scales, which increases baseline Oz worldwide, including
areas where emission of precursors have been controlled and reduced. The increasing baseline
Os indicate that E-Oz continues to be a problem at a global scale (Cooper et al., 2014; Lee et
al., 2014; Monks et al., 2015; Parrish et al., 2013).

Under low to moderate external ozone concentrations, the influx of ozone and
associated ROS might be scavenged by the apoplastic antioxidants capacity, or cause some
temporary effects, such as localized plasma membrane impairment and electrolyte leakage that
do not cause cell death (Vaultier and Jolivet, 2015). Although such temporary effects might

not be visually observed, they consume some of the plant’s energy to cope with, and might
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interfere with critical physiological mechanisms, such as the initiation and containment of HR

under pathogen attack.

However, under high Os concentrations currently encountered, and high stomatal
conductance and low mesophyll resistance to gas diffusion (traits wheat breeders are indirectly
selecting for), the influx of Oz during the early phase of Os stress exceeds the apoplastic
antioxidant capacity to detoxify ROS formed from O3 degradation (Pellinen et al., 1999;
Vahisalu et al., 2010). The plant’s antioxidant capacity could also fail to detoxify the high
levels of ROS generated when Oz is deposited to wet leaf surfaces, as the effective Os flux into
the leaf will be increased causing acute symptoms, at Os levels expected only to cause chronic
effects (Altimir et al., 2006). If the plant over-reacts to Oz by extreme stomatal closure that
significantly decreases stomatal conductance, then photosynthesis rate, biomass production
and seed yield will be negatively affected, despite the absence of visible injury (Biswas et al.,
2013; Meyer et al., 2000; Wattal and Siddiqui, 2015).

If the antioxidant machinery is not activated to balance Os flux, or the plant fail to
restrict Oz flux by adequate stomatal closure (Biswas et al., 2008a), a self-propagated
oxidative response will be initiated and will lead to localized or spreading program cell death
(PCD), that will be observed as a visible chlorotic or necrotic symptom (Vaultier and Jolivet,
2015). These symptoms will result in reduced photosynthesis, as the effective photosynthetic
area will decrease (Feng et al., 2012; Hassan, 2004; Pleijel et al., 2006), and accelerated leaf
senescence will occur (Burkart et al., 2013; Gelang et al., 2000; Ojanpera et al., 1998).
Visible foliar symptoms might or might not be correlated to biomass and/or yield reductions,
depending on the degree of injury, the injured tissue, and the timing of O3 stress relative to the
plant development (Amundson et al., 1987; Feng et al., 2012; Hassan, 2004; Heagle et al.,
2000; Mills et al., 2011; Ojanpera et al., 1998; Singh and Agrawal, 2010; Van Dingenen
et al., 2009). For example, Os injury to leaves in the lower canopy at flowering or later will
have less impact on yield than injuries on upper leaves, as lower leaves at the early growth

stages contribute less to yield than flag leaf (F) or the second-top leaf (F-1). However, injured
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leaves in lower canopy at early stages might have greater impact on plant establishment than

later in the season.

Visible symptoms of ozone damage are not always correlated to yield reductions, as
some varieties may respond to E-Oz by significantly reducing stomatal conductance, and
consequently, reducing photosynthesis. Therefore, some varieties might be negatively affected
by Os stress in terms of biomass and yield, despite the absence of visible foliar injury.
Therefore, identification of yield responses to Oz is an important step in selecting parents to
breed for high yield under Oz stress. Visible injury responses are also expected to affect plant’s
interactions with epiphytic and endophytic microbiome, as O3 has been found to affects wheat
diseases, such as stem rust (Heagle and Key, 1972), leaf rust (Dohmen, 1987; Heagle, 1975;
Pfleeger et al., 1999; Tiedemann, 1992a; Tiedemann et al., 1991; Tiedemann and
Firsching, 2000), and powdery mildew (Tiedemann, 1992a).

Therefore, visible Os injury responses should be taken into account when selecting host
plants to be used in studying wheat/rust interactions, and parents selected for breeding future
cultivars should be tested under E-Os. This approach is critical for breeding resilient wheat
varieties to be used in developing and heavily populated countries, such as China and India,
where Oz levels are expected to further increase (Feng et al., 2012; Singh and Agrawal, 2010;
Van Dingenen et al., 2009). In addition, this approach is also needed in wheat growing areas
in the United States, as Oz concentrations during the wheat growing season are yet to decrease,
and remain high enough to impact yield (Cooper et al., 2014; Lee et al., 2014; Monks et al.,
2015; Parrish et al., 2013).

In general, wheat is known to be more sensitive to Oz than other cereals (Selldén and
Pleijel, 1995). Oat (Arena sativa L) is considered relatively insensitive (Pleijel et al., 1994),
However, two spring oat varieties were found to have similar Oz responses as two spring wheat
varieties, and all of them did not appear to be Os sensitive (Hartikainen et al., 2012). On the
other hand, barley (Hordeum vulgare L) is considered an Oz-insensitive crop (Mills et al.,

2007; Selldén and Pleijel, 1995). Spring barely were found to be more tolerant than spring

103



wheat, and the differential response were attributed to the differences in stomatal responses to

O3 treatment, rather than the apoplastic ascorbate (Kollist et al., 2000).

The differential Oz responses are documented among wheat varieties (Biswas et al.,
2008b), indicating the importance of identifying the relative Oz responses of varieties to be
used in breeding programs and/or studying Oz effects on wheat performance and interactions
with other phytobiome components. A meta-analysis of 53 peer-reviewed studies published
between 1980 and 2007, concluded that there was no significant response difference between
spring wheat and winter wheat (Feng et al., 2008). Another meta-analysis of 42 studies
conducted in soil showed no difference between spring and winter wheat in total grain yield
response to Oz, however, Oz injury responses were not considered (Broberg et al., 2015).
There are reports from different parts of the world showing increased Os-sensitivity in modern
varieties of both spring (Barnes et al., 1990; Pleijel et al., 2006; Velissariou et al., 1992),
and winter wheat (Biswas et al., 2008a; Biswas et al., 2008b; Biswas et al., 2013). However,
there is limited information on the difference in O3z responses between soft and hard red winter
wheat cultivars, and the trends of their Os response when plotted against the date of their

release.

Wheat is a very diverse crop; varieties are visually classified according to the
endosperm texture or hardness (soft or hard) and color (white or red), as well as, growth habit
(winter or spring) (McFall and Fowler, 2009). Hardness is determined by the strength of
binding between the starch granules and the protein network surrounding them. Soft wheat has
loose binding between starch and protein matrix, due to lower protein percentage, usually less
than 10%, which makes it easy to grind, and gives soft-texture flour, suitable for high dense
products baked to low moisture content, such as cookies and crackers. Hard wheat has stronger
binding between starch and protein matrix, due to higher protein content (about 12%) which
makes it harder to grind, and gives coarse-texture flour, with more broken starch granules with
high water uptake and provide more fermentable sugars for yeast, therefore, it is suitable for

yeast-leavened bread, such as pan bread (Thomason et al., 2009). In the United States, there
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are five main market classes of bread wheat varieties typically grown in the eastern U. S. are

soft red winter types.

This study was designed with the following objectives:

Analyze the 0zone monitoring data collected during March to May), from 2006 to 2015,
at the Inwood Road field site of the USDA-ARS Plant Research Unit in Raleigh, NC.

- Investigate the relative ozone Oz response of seedlings of 23 winter wheat genotypes,
three varieties of spring wheat, as well as selected winter varieties of oat, barley, and

triticale.

- Investigate Os sensitivity responses of hard and soft winter wheats, and the

relationships between their year of release and O3 sensitivity.

- Identify varieties having ozone tolerance that could be used in simultaneous breeding

for O3 tolerance and rust resistance.

- ldentify Os-sensitive varieties with different rust reaction types to be used in

investigating the effects of Os stress on different types of rust resistance in wheat.

4.3. Materials and Methods

4.3.1. Osz-monitoring data

Hourly averages of ambient Oz concentrations measured during wheat active growing
season (March-May) over eight of the last ten years (2006-2008, 2010-2011, and 2013-2015)
were provided by Samuel Ray & Walt Pursley, USDA-ARS Plant Research Unite in Raleigh,

NC. Ozone hourly averages were summarized as daily daytime 12hr averages.
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4.3.2. Experiment (1): Investigation of relative O3 responses of some genotypes

of spring and winter wheat, oat, barley, and triticale at the seedling stage.

Seedlings of 31 genotypes of winter and spring wheat, and winter oat, barley, and
triticale genotypes as listed in Table (2), were phenotyped for Oz symptom response. Seeds of
genotypes with winter growth habit were vernalized in darkness for 6 weeks at 4°C by placing
seeds between two layers of wet filtration paper in petri dishes. Two spring wheat varieties
were vernalized using the same procedure for 10 days. After vernalization, seedlings were
transplanted in 1 L pots filled with Fafard #2 Pro Mix (Fafard, Anderson, SC, USA), mixed
with 5 g slow release fertilizer (Osmocote Plus, Scotts-Sierra Horticultural Products,
Marysville, OH, USA), and grown in greenhouse with charcoal filtered (CF) air. At 21 days
after transplanting, uniform plants at growth stage of 21-23 Zadoks were selected and fourth
leaf on main stem was tagged.

Plants were moved to continuous stirred-tank reactors (CSTRs) and acclimated in CF-
air for three days. After the acclimation, plants were exposed to one of four O3 treatments (CF,
50, 75, 100 ppb, 8hr d1), under 60 % RH. After seven days of exposure, percentage of Os
visible symptoms on the fourth leaf on the main stem were visually estimated using a 0-100%

scale, where 0% was no visible damage and 100% was complete chlorosis.

The experimental design was split-plot in randomized complete block, with three
blocks, with Oz in the main plot, and genotype in the sub-plot. Three plants of each genotype
were used per chamber, and data were averaged for the statistical analysis, using Proc.
Glimmix, in SAS 9.4 (SAS Inc., Cary, NC, USA). Averages were separated using Tukey-

Kramer adjustment.
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Table (2): Different genotypes of winter and spring wheat, winter barley, oat and triticale and

their market classes, accession ID, and date of cultivars release or variety and

breeding line selection.

1 Turkey Cltr5757 1873
2 Kharkof P105641 1900
3 Scout 66 Cltr13996 1967
4 TAM 107 P1495594 1985
5 Wesley P1605742 1998
6 TAM 303 NIC 2003
7 Hard Overland PIG47959 2007
8 ARS07-1214 NIC 2007
9 Everest P1659807 2009
10 NuEast P1657997 2009
11 Vision 30 P1661153 2010
12 Winter Red Vision 45 P1667642 2012
13 Mediterranean Cltr3332 1819
1q | Wheat Pioneer 26R15 PI633874 2003
15 NC-Neuse P1633037 2003
16 Branson P1639227 2005
17 Coker 9553 P1643092 2006
18 Soft Jamestown P1653731 2008
19 Shirley P1656753 2009
20 USG 3120 NIC 2011
21 MDO01W28-08-11 NIC 2011
22 NC-Yadkin P1663206 2012
23 White Hard Appalachian White P1657998 2009
24 Red Red Fife P1348919 1842
25 Spring . Hard PBW 343 NIC 1995
26 White Kingbird NIC 2012
27 _ Charles PI 634933 2003
28 Barley | Winter | - ) Thoroughbred PI 637845 2005
29 _ Horizon 201 PI'658000 2007
0 winter | - ' TAMO 411 NIC 2012
31 Triticale = Winter | - - Arcia NIC 2001
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4.3.3. Experiment (2): Investigation of relative Os-yield responses of two winter

wheat genotypes with differential visible injury responses during 2015.

Coker-9553 (O3 moderately-sensitive) and MD01W28-08-11 (O3 very-tolerant) were
selected for validating their differential Oz responses observed at seedling stage, by
investigating their yield responses to post-heading Os stress. These two genotypes are parents
of a doubled haploid (DH) population currently being phenotyped for novel adult-plant
resistance to stem rust including races in the Ug99 lineage. If found to be differentially
responding to Oz in term of yield responses, these two genotypes and their DH population
could be used to breed for stem rust and Oz tolerance simultaneously. Vernalized seedlings
were transplanted in 1 L pots filled with Fafard #2 Pro Mix (Fafard, Anderson, SC, USA),
mixed with 5 g slow release fertilizer (Osmocote Plus, Scotts-Sierra Horticultural Products,
Marysville, OH, USA), and grown in CF-air in greenhouse until heading stage. Plants of the
two genotypes were moved to 2.4 m tall x 3 m diameter Open-top field Chambers (OTCs),
where they were acclimated for 3 days then grown until harvest, under four Oz treatments (CF,
50, 75 and 100 ppb, 12 hr. average). At maturity, heads from individual plants were manually
harvested and kernels were separated using single-head thrasher.

The experimental design was split-plot in randomized complete block, with three
blocks, and O3 levels as the main plot, and genotype in the sub-plot. Three plants of each
genotype were used per chamber, and data were averaged for the statistical analysis that was
performed using Proc. Glimmix, in SAS 9.4 (SAS Inc., Cary, NC, USA). Yield averages were

separated using Tukey-Kramer adjustment.

4.4. Results
4.4.1. Osz-monitoring data

Ambient Oz concentrations measured during wheat active growing season (March-
May) over eight of the last 10 years (2006-2008, 2010-2011, and 2013-2015) at a typical sub-
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urban location in Raleigh NC, USA, indicated that the 12hr average of hourly-average O3
concentrations were mostly above the threshold of 40 ppb for sensitive plants, as illustrated in
Figure (24). This indicated the importance of considering Oz responses of breeding materials
used in this region. The general 12 hr. average over the entire aforementioned period was 43.82

ppb.
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Figure (24): Ozone monitoring data during wheat active growing season (March-May),
summarized as 12hr daily average, at wheat open field plots in a sub-urban location, at the
USDA-ARS Plant Science Unit field site, 5 km south of Raleigh, NC, U.S.A. Elevation was
110 m above sea level, and provided by Samuel Ray & Walt Pursley.
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Monthly and active growing season average Oz concentrations showed general trends
of decline over years that increase in magnitude toward the end of the season as illustrated in
Figure (25). For example, the rate of decline in average O3z concentrations during May is higher
than the decline rate during April, which in turn is higher than the decline rate in March.
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Figure (25): Trends in monthly and active growing average Oz concentrations monitored at a
typical sub-urban location, in Raleigh NC, during wheat active growing season (March-May).
Initial data were summarized as 12hr daily average. Data provided by Samuel Ray & Walt
Pursley, USDA-ARS, Plant Research Unit, Raleigh, NC, USA.
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As illustrated in Figure (26), hourly average Oz concentrations during the 2015 season
when vyield tests were performed mostly showed the temporal stochasticity of Os
concentrations at a given location at low altitude. Cycles fluctuating between different peak
and bottom magnitudes were observed as a result of different factors controlling local O3
concentrations. Overnight high Oz concentrations for several days and low daily peaks were

common, as shown in Figure (27).
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Figure (26): Hourly average Oz monitoring data during the wheat active growing season
(March-May 2015), at the USDA-ARS Plant Science Unit field site, 5 km south of Raleigh,
NC, U.S.A. Elevation was 110 m above sea level, and provided by Samuel Ray & Walt Pursley.
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Figure (27): Hourly-average Os concentrations at the USDA-ARS OTC field site in a sub-
urban location, in Raleigh NC, during wheat grain filling stage (April 23 - May 3, 2015). Data
provided by Samuel Ray & Walt Pursley, USDA-ARS, Plant Research Unit, Raleigh, NC,
USA.
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4.4.2. Results of Experiment (1):

Seedling screening in CSTRs using visible symptoms as response measure indicated
that the tested winter wheat varieties were on average less sensitive than the average response
of the three tested spring wheat genotypes at 50 and 75 ppb Os, but all had similar responses
at 100 ppb as illustrated in Figure (28). The tested winter wheat and oat varieties had very
similar average responses at all Oz concentrations. The tested variety of triticale was more
tolerant than wheat at the higher concentrations. In contrast, barley was shown to be O3
insensitive relative to the other tested species, especially under high Oz concentrations. These

results confirm that wheat on average is more sensitive than most of the other cereals.
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Figure (28): Relative Oz injury response on the fourth leaf on the main stem of 24 genotypes
winter wheat, comparing to tow genotypes of winter wheat oat and barley, and one winter
genotype of triticale. Data are averages of visual injury estimated after seven days of exposure
to 50, 75, and 100 ppb Os, for 7hr d, in continuous stirred tank reactors (CSTRs), at the
seedling stage. (Error bar = SE., a = 0.05).
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To investigate the differences in average Os responses between the hard and soft red
classes of winter wheat and their relative response to other cereals tested, the data were
reanalyzed with wheat classes included in the group factor, and the results are shown in Figure
(29). The main finding is that the tested HRWW varieties were in average more sensitive to
O3 visible symptoms than SRWW. However, HRWW varieties were not as sensitive as the

spring wheat varieties.

On the other hand, the tested SRWW were intermediate in their average response
between oat and triticale. There were significant differences between varieties within each of
the two classes of RWW, and even larger differences between the most sensitive varieties
(mainly HRWW) and the most tolerant ones (mainly SRWW). The three spring wheat varieties
tested also exhibited significant different, whereas the oat and barley verities did not show
significant differences in response within species.

Another interesting finding is that the SRWW breeding line MD01W28-08-11 was O3
insensitive under the Os treatments used in this study. This line also has adult-plant resistance
to stem rust races in including the Ug99-lineage. Kingbird is also resistant to rust diseases at
adult-plant stage, but was one of the most sensitive genotypes.

To investigate the effects of breeding on O3 responses in red winter wheat, the average
Os responses were plotted against the genotype selection or release date, as illustrated in Figure
(30). Considering the entire set of genotypes tested, surprisingly, the trend in visible injury is
negative, which means that newer varieties tends to show less injury than older ones. This trend
seems to be derived only by HRWW. This is because SRWW almost showed no trend;
however, this lack of trend might have been greatly affected by the low sensitivity of the only

old variety (Mediterranean) released in 1819.

Because of the higher number of genotypes selected or released after the year 2000, we
considered the trend in this period separately, as illustrated in Figure (31). Both classes of red
wheat showed stronger negative correlation. The SRWW had larger slope than HRWW. This
might also has been affected by the tolerance of the breeding line MD01W28-08-11.
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Figure (29): Oz injury response on the fourth leaf on the main stem of 23 genotypes of winter
wheat, comparing to three genotypes of spring wheat, two genotypes of winter oat and barley,
and one winter genotype of triticale. Data are averages of visual injury estimated after seven
days of exposure across three O3 concentrations (50, 75, and 100 ppb, for 8hr d1), in continuous
stirred tank reactors (CSTRs), at seedling stage. (Different letters indicate significant

differences according to Tukey’s adjustment at a=0.05).
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Figure (30): Trends in average O3 visible responses visually estimated on the fourth leaf on

the main stem of some soft and hard red winter wheat varieties, released or selected in the

United States over the last two centuries. The black line represents the slope of all data points.
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Figure (31): Trends in average Oz visible responses visually estimated on the fourth leaf on

the main stem of some soft and hard red winter wheat varieties, released or selected in the

United States since the year 2000. The black line represents the slope of all data points.
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4.4.3. Results of Experiment (2):

Based upon the visible injury results, two parents of a Doubled Haploid (DH)
population were found to be significantly different. These two genotypes are Coker-9553 (Os-
moderately sensitive, stem rust-susceptible) and MD01W28-08-11 (Oz-toleant, adult-plant
resistant to stem rust). As illustrated in Figure (32), the total seed yield results confirmed the
differential responses between the two genotypes. Surprisingly, MD01W28-08-11 showed
significant yield increase under near ambient (50 ppb) and moderately high (75 ppb) Os
concentrations relative to the CF control, without any yield loss under the highest O3
concentration tested. On the other hand, Coker-9553 showed gradual yield reductions that

become significant in the 100 ppb Os treatment.
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Figure (32): Osz-yield responses of two soft red winter wheat genotypes, exposed from heading
to harvest, to different Oz treatments (CF, 50, 75 and 100 ppb, 12hr average Ogz, diurnal profile),
in Open-top field Chambers (OTCs).
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4.5. Discussion

Breeding hard red winter wheat varieties that are adapted to the humid rain-fed climate
in the eastern United States is a major objective to wheat-breeders in this area, as it will benefit
wheat growers, millers, and consumers (Sethi, 2015). Breeders are also incorporating stem rust
resistance that still effective against the rapidly evolving races in the Ug99-lineage, especially
adult-plant resistance, as it is more durable than single genes (Singh et al., 2011). Os
concentration trends over the entire region indicated that Oz levels are increasing during winter
and are not declining during spring (Cooper et al., 2014; Lee et al., 2014; Monks et al., 2015;
Parrish et al., 2013), this will likely result in more Os stress during future wheat growing
seasons. In addition, incorporation of O3 tolerance to breeding programs is essential for
avoiding the inadvertent selection for O3 sensitivity that lead to Oz-sensitive modern wheat
varieties in many parts of the world (Biswas et al., 2008b; Biswas et al., 2013; Pleijel et al.,
2006).

One of the objectives of this study was to validate the reported regional trends (Cooper
et al., 2014; Lee et al., 2014; Monks et al., 2015; Parrish et al., 2013), using local O3
monitoring data collected in a sub-urban location in Raleigh NC. The results showed that
spring 12hr daytime Oz concentrations at the monitored site are declining, and the magnitude
of decline rate increases from March to May. However, the general average concentration over
the entire period is still above the threshold of 40 ppb. In addition, daytime peaks were
significantly above this threshold, all throughout the season, and lasted in some cases for
several consecutive days. Therefore, it is very likely that wheat plants were experiencing
negative O3 effects, especially during the grain filling stage late in the season. Consequently,
we might conclude that it is important for breeding programs in the eastern US to consider the

O3 responses of the breeding material being used.

Another objective of this study was to investigate the relative Oz responses of red
winter wheat in relation to some other wheat classes and cereal crops. The results suggested

that winter wheat might be - on average - more tolerant to Oz than spring wheat in terms of O3
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visible symptoms. However, a meta-analysis of the yield responses reported in 53 studies (1980
and 2007) concluded that yield responses of the two categories of growth habit in response to
O3 were similar (Feng et al., 2008). These authors came into this conclusion despite the fact
that winter wheat showed these similar responses at Oz concentrations that were 20% higher
comparing to the Os concentrations causing similar responses by spring wheat. This difference
in the concentrations used, and the fact that winter wheat did not exhibit higher yield reductions
are clear indications that winter wheat is more tolerant to O3 than spring wheat. Meanwhile,
spring wheat was more sensitive to Oz effects on chlorophyll content, which might be an
indicator for higher visible symptoms, which was not reported in the comparison in the meta-
analysis. The significant Os-induced stomatal closure and chlorophyll content of spring wheat
are indicators of an over-reaction to Os stress by restricting gas exchange restricting COg,
which might have also resulted in lower photosynthesis and reduced chlorophyll maintenance.

The development of visible O3 symptoms on plant leaves is important in determining
plant interactions with the epiphytic and endophytic microbiome and were found to affect
wheat interactions with plant pathogens such as wheat rusts, and powdery mildew. On the
other hand, the absence of visible symptoms might result from significant reduction in stomatal
conductance that restricts photosynthesis and consequently, reduce biomass and seed yields.
Therefore, O3 tolerance in terms of foliar injury should be validated using yield data, and this
step is a necessary to avoid any inadvertent selection for varieties with Oz-sensitive yield. The
observed differences between and within SRWW and HRWW, suggests the suitability of
simultaneous breeding for hardness and Os-tolerance. The SRWW could be used as a source

of O3 tolerance when crossed with HRWW.

The diversity in rust resistance and Os tolerance within the genotypes tested provide
suitable hosts for rust/Os studies. The host’s response to Oz determines the magnitude of
rust/Os interactions within the host’s tissue. Conclusions drawn from studies using Os tolerant
varieties may lead to conclusions that do not apply to rust/Os interactions on sensitive hosts
and vice versa. Host plants with unknown O3 responses are not suitable for studying rust/Os

interactions for several reasons: First, it difficult to select O3 treatments to be tested without
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knowing the relative ozone response of the host, especially if the objective of the study is to
investigate the effects of sub-symptomatic Os treatment. This might explain the lack of studies
investigating the impact of near-ambient, near-threshold, sub-symptomatic, and sub-
symptomatic Oz stress on diseases. Second, the interpretation of any effects on the disease
must take into account the environmental effects on the host. For example, conclusions drown
using symptomatic reactions (high Oz stress and sensitive host) do not apply on sub-

symptomatic reactions (low Os stress and a tolerant host).

A major difference between spring and winter wheat is their vernalization requirement,
which could be considered as a cold stress. Effective ROS control is essential for plant’s ability
to cope with different sorts of stresses including biotic and a biotic stress. It might be postulated
that vernalization might have a priming effect on winter wheat plants against Os visible
symptoms. However, there is limited information to verify such hypothesis. Results presented
here indicate that triticale seems to be more tolerant to Os than wheat, and it is was found also
to be more winter hardy and freezing tolerant than wheat (Rapacz et al., 2015). Studying the
effects of vernalization on winter wheat responses to Oz might be a suitable approach to test
this hypothesis.

The observed negative trends in Oz injury responses of red winter wheat might be not
apply to all red winter wheat, as the number of genotypes used in this study in not large, as
well as the range of release date. However, this negative trend might a sign of an inadvertent
selection for non-symptomatic plants in general, which might have resulted in selecting against
sensitive varieties in terms of visible symptom responses. These negative trends in foliar injury
contradicts several reports showing increasing trends of yield loss of modern varieties of both
spring (Barnes et al., 1990; Pleijel et al., 2006; Velissariou et al., 1992), and winter wheat
(Biswas et al., 2008a; Biswas et al., 2008b; Biswas et al., 2013).

Differential yield responses are essential for yield genetic gain under Os stress. The
contrasting yield and visible symptoms responses between Coker-9553 and MD01W28-08-11,
make them a suitable parent-pair for breeding Oz tolerant SRWW. Observing yield differences
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between and MD01W28-08-11 and a variety in the in the lower half of the sensitivity range
like Coker-9553 indicates a high likelihood for finding stronger differential yield responses
with genotypes in the upper half of the sensitivity range. Consequently, we could conclude that
MDO01W28-08-11 could be used as a source of resistance in simultaneous breeding for high
kernel hardness and Oz tolerance in eastern US. Screening the DH population from the cross
between Coker-9553 and MD01W28-08-11 for both rust resistance and Oz tolerance are first
steps towards identifying the quantitative trait loci QTL(S), and genetic markers associated

with both traits. However, the population genotypic data is required for such analysis.

The significant yield increase of MD01W28-08-11 at 50 and 70 ppb O3 is an indication
of Os hormesis on tolerant wheat varieties. The elucidation of the mechanisms of such yield

increase could advance our understanding of the effects of low Oz concentrations.

This study investigated a subset of each of the tested cereal crops and wheat classes.
Therefore, it provides additional information on the relative responses of the tested material,
which may not apply to the entire species or wheat classes. Screening wheat-breeding materials
used for a specific objective is the best practice to ensure a high potential for adding Os-

tolerance genetic gain.
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5. Dissecting the Effects of Oz and CO2 Concentration, Exposure Timing and Duration

on the Disease Components of Stem and Leaf Rusts on Winter Wheat

5.1. Abstract

The resurgence of rust diseases and the elevated Oz levels are major limiting factors to
global wheat production and food security. This research is addressing the lack of information
on the effects of current elevated levels of Oz and/or CO> on disease components of leaf and
stem rust diseases. The results of four different experiments presented here contradict the
current consensus that elevated Oz is suppressive to wheat rusts, and provide evidence that sub-

symptomatic Os treatments are conducive to some biotrophic pathogens.

The first experiment aimed at determining the effects of four combinations of CO-
(400, 570 ppm) and Oz (10, 50 ppb) on leaf rust on four winter wheat varieties (‘Coker 9553°,
‘NC Neuse’, ‘Jamestown’ and ‘NuEast’) known to differ in their response to leaf rust (race
MBTNB). Plants were exposed in OPECs, inoculated at GS 39-40 Zadoks, and disease severity
and components were estimated on the flag leaf and F-1. Results showed that elevated Os
(singly or combined with elevated CO3) increased disease severity and pustule size, and the
increase was more pronounced on susceptible varieties. CO> treatment had no significant effect
on disease severity. The second experiment investigated the effects of four combinations of
CO- (400, 570 ppm) and O3z (0, 50 ppb) on stem rust (race QFCSC) on Coker 9553 and NC
Neuse. The results of percent sporulation area assessed at 21DAI, using image analysis
software Assess 2.2 showed that Oz (singly and in combination) increased disease severity of
stem rust on susceptible wheat variety ‘Coker 9553°, and gas treatments did not alter the

disease response of the resistant variety ‘NC Neuse’.

The third experiment aimed at confirming the differential effects of different O3
concentrations (CF, 50, 70, and 90 ppb) on stem rust on Coker 9553. Seedlings at the 21-22
Zadoks stage were exposed in OPECs for six weeks. Plants were inoculated after the third
week and disease was assessed using Assess 2.2 at 7, 14, and 21 DAI. Treatment with 50 ppb

significantly increased percent sporulation on the two uppermost leaves, whereas the higher
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concentrations showed no significant difference from CF, however, there were significant
difference between the two leaf positions within each of the two treatments, with more disease
on the younger leaves. The fourth experiment investigated the effects of four different
combinations of CO2 (400, 570 ppm) and Os (0, 50 ppb), and seven combinations of exposure
timing and duration on the disease severity of stem rust on Coker 9553. Plants were exposed
at 21-22 Zadoks for six weeks, inoculated after the third week of exposure, and present
sporulation was assessed 21 DAI. Results showed that only continuous O3 treatment for six
weeks and Os exposure for three weeks prior to the inoculation (long predisposition),
significantly increased disease relative to the CF control, which suggested a predisposition

effect, rather than a post-inoculation disease enhancement.

In conclusion, a consistent disease increase of both leaf and stem rust of wheat were
evident under near-ambient but not under relatively high O3 concentration. The Oz-induced
disease increase was more pronounced with the increased susceptibility to the pathogen, as
reflected in larger pustule size, and accelerated pustule formation on susceptible varieties only,

which are likely to enhance rust epidemics.
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5.2. Introduction

Global wheat production and food security are threatened by elevated ground level
ozone (O3) concentrations and the resurgence of rust diseases. Wheat is the most sensitive
major agricultural crop to Oz concentrations resulting from manmade air pollution (Booker et
al., 2009). Current Oz concentrations are estimated to cause approximately 10% global average
yield loss, which is expected to increase by additional 20% under future concentrations (Feng
and Kobayashi, 2009; Van Dingenen et al., 2009).

O3 is one of nature’s most powerful oxidizers; upon diffusion through stomata, the
extremely unstable Os molecules immediately dissolve into the apoplastic sap, generating
reactive oxygen species (ROS) burst, attacking molecules in the apoplastic sap, cell wall and
membranes (Vaultier and Jolivet, 2015). Type and magnitude of resulting O3 effects depend
on the dose, the antioxidant capacity of the tissue, as well as the timely activation of O3
tolerance mechanisms at proper magnitude (Liu et al., 2015b). Consequently, Oz effects on
plants are very diverse, and may be expressed differently on different parts of the plant canopy.
This is expected to cause dose dependent effects on wheat plants’ performance, and

accordingly affect their interactions with their phytobiome, including pathogens.

O3 effects on host/pathogen interactions vary depending on the timing of O3z exposure
and the pathogen infection, the Oz concentration, the growth stage of host plant, other priming
or predisposing environmental factors, such as elevated CO., temperature, drought and water
vapor pressure deficit (Fuhrer, 2003). Because of Oz dose-dependent phytotoxicity, and the
difference in sensitivity between and within plant species, four O3 treatment ranges could be
proposed, which would defer from one species to another, and from one genotype to another,
and even from one tissue to another or one canopy part to another or one growth stage to
another within the same genotype:

(1) Non-detrimental Oz treatment, which is the exposure to low O3z concentrations that could
be scavenged by the host’s antioxidant machinery without causing significant negative

effects. In fact, some tolerant wheat genotypes (e.g. MD01W28-08-11) showed yield
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increase in response to low Os treatments (Mashaheet et al., 2016a). This phenomenon is
also known as Hormesis, which refers to the beneficial effects (such as improved
performance, stress tolerance, growth or yield) as a result of the exposure to low doses of
a stressor that is otherwise detrimental or lethal when applied at higher doses.

(2) Sub-symptomatic O3 treatment, which is the exposure to a moderately low Os stress (right
below the visible foliar injury threshold), and would result in significant increase in
antioxidant activities that successfully detoxify Os and prevent visible symptom
development, at the cost of some metabolic energy. The plant would suffer some
temporarily impairment in function and structure, that will be repaired without leaving
visible symptoms. This might also require some stomatal conductance adaptation, and

might result in reduced photosynthesis.

(3) Chronic symptomatic Oz treatments, which is the exposure to moderately high Os stress (at
or right above the visible injury threshold), for extended periods, resulting in gradual
exhaustion to the antioxidant machinery and plant resources depletion. As a result, the plant

gradually develop Os visible symptoms, such as leaf chlorosis and accelerated senescence.

(4) Acute symptomatic Os treatments, which result from significantly high Oz stress
(significantly higher than the visible injury threshold). The high Os flux under this type of
exposure exceeds the capacity of the antioxidant scavenging mechanisms, and results in
significant non-biogenetic ROS burst; followed by a biogenic ROS burst and programed
cell death. The results of this type of stress may initially appear as water soaked areas from

cellular collapse that dry out and turn into necrotic symptoms.

Several reviews summarized the effects of climate change on plant diseases
(Chakraborty et al., 2008; Chappelka and Grulke, 2016; Eastburn et al., 2011; Fuhrer,
2003; Garrett et al., 2006; Ghini et al., 2008; Heagle, 1982; Luck et al., 2011; Manning
and v. Tiedemann, 1995; Newton et al., 2011; Pangga et al., 2011; Pautasso et al., 2012;
Scherm and Coakley, 2003; West et al., 2012; Yanez-Lopez et al., 2012). One review
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focused on wheat diseases (Juroszek and von Tiedemann, 2013), and one report focused on
obligate parasites in cereals (Heagle, 1975). Others reports highlighted the climate change
effects on rust diseases (Chakraborty et al., 2011; Helfer, 2014). The consensus is that
obligate (biotrophic) parasites are expected to be generally inhibited by elevated Os, as they
need a healthy host to grow. On the other hand, infection by facultative (necrotrophic)
pathogens are expected to increase, decrease or remain unchanged depending on the dose, as

necrotrophs kill plant tissue to feed on the dead material (Pfleeger et al., 1999).

Wheat rusts are major wheat diseases caused by three fungal pathogens: Stem (Black)
rust (Sr) is caused Puccinia graminis f. sp. tritici (Pgt); Leaf (Brown) rust (Lr) is caused by
Puccinia triticina Eriks. (Pt); Stripe (Yellow) rust (Yr) is caused by Puccinia striiformis f. sp.
tritici (Pst) (Morgounov et al., 2012). These fungi are obligate parasites; hence, they are
biotrophic and require living host to grow on. It was assumed that Os-induced negative effects
on the host would negatively affect rust diseases (Manning and v. Tiedemann, 1995;
Pfleeger et al., 1999). In contrast, necrotrophic parasites feeding on dead tissue are favored by
injured host tissue (Manning and v. Tiedemann, 1995). This hypothesis might be valid only
under symptomatic O3 stress and acute exposure but not under lesser Oz effects, where the
weakened non-injured host might be more suitable source of nutrients and exhibits less
efficient resistance, which would be easier for the pathogen to overcome. In addition, Os effects
on a particular disease depend on the timing of exposure in relation to: the host’s growth stage
and physiological status of the infected tissue, the pathogen’s infection, and/or the particular
host/pathogen combination (Pfleeger et al., 1999). The complex interactions between these

factors might explain the discrepancy of Oz/rust interaction outcomes reported, summarized in

Table (Table (3).
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Table (3): Reports on the interactions of elevated Oz, CO2 and rust pathogens on wheat plants.

Disease

Stem
rust

Stem
rust

Host Growth
Stage &

Sampled
Tissue

7 days old
seedlings

Attached
leaves

7 days old
seedlings

Attached
leaves

Host’s O3
response &
Visible
Symptoms

n/a
Presumably
Sensitive

both
injured &
non-injured
tissue

Both
injured and
non-injured

Host/rust
reaction

type

Presumably
Susceptible

Presumably
Susceptible

Disease
Stage

For 6h (0,
24, or 48 h)
before

inoculation

For 4 days
right after
inoculation

For 18 days
after
inoculation
17h after
inoculation
(during
infection)

After 1-4h
during spore
germination

For 5h
during spore
germination

Oz and CO2
Treatments,
Exposure system

O3
(60, 120, 240
ppb) In Closed
Chambers

(60, 120, 240
ppb, 6h d?) In
Closed Chambers

(60, 120, 180
ppb, 6h d?) In
Closed Chambers
O3

(240 ppb, 6h)

In Closed
Chambers

(300 ppb, 5h)
In Closed
Chambers

(300 ppb, 5h)
In Closed
Chambers

Effects of Gas Treatments on Rust
Diseases

- Pre-inoculation exposure had no effect on
spore germination.

- Immediate exposure before inoculation
had no effect penetrations or infection.

- Exposure 24 and 48h before inoculation to
240 ppb reduced penetration and infection.

- Post-inoculation exposure had no effect
on germination and penetration and
invasion for 4 days post inoculation with
non-stressed spores on healthy tissue.

- Negative effects on rust fungal growth and
spore production on injured tissue.

- Reduced spore production.

-No Os effect on germination and infections
by spores formed under Os-stress.

- O3 had no effect on germination
penetration in any treatment used.

- Stem rust germination and appressoria
protected host tissue from Os injury at site
of infection.

- Rust-protection against Oz injury starts 1h
after incubation, even without appressoria.

- Rust-protection from Oz injury is confined
to infection site only, and does not spread
to surrounding tissue.

Suggested

. Reference
Mechanism

- Indirectly via
injured tissue

- (Heagle
and Key,
1973a)

- Indirectly, via

injured host tissue

- Rust produces

diffusible element

protecting  tissue

from Os injury.

(Heagle

- Protection isnot | and Key,

because of 1973b)

restricted Oz flux,
as it does not
require
appressoria.
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Table (4): Continued.

Host Growth

Disease Stage &

Sampled
Tissue

n/a

(Young
plants, 15-20
cm)

Leaf
rust

20-29,
30-39,
50-59 and

Leaf 60-65

rust Detached

segments of
the two upper
leaves

Started at one
month after
planting till
maturity

Leaf
rust

Host’s O3
response &
Visible
Symptoms

Host/rust
reaction

type

No visible
symptoms

Presumably
Susceptible

n/a
Presumably
sensitive
(Spring
wheat cv.

Tubro), Presumably

Susceptible

No injury
(Sub-
symptomatic
tissue)

n/a,
(suspected
tolerant and
sensitive, but
they were
found to be
similar in
sensitivity)

Presumably
Susceptible

Yes, visible
injury

Disease
Stage

Pre-
inoculatio
n

For 5 days
(7hd?
before
inoculatio
n

Before
inoculatio
n and after
penetratio
n

Inoculatio
n started
at flag leaf
stage,
repeated
weekly

Oz and CO2
Treatments,
Exposure system

O3 (85 ppb 3.5d,

7h dt) & (105
ppb 7d, 7h d-1)*

In glass chambers
in a closed room

Os
(about 40, 80,
120 pph)*

In Climate
Chambers

(0F}
(0, 90 ppb)

In OTCs

Effects of Gas Treatments on Rust
Diseases

Significant reduction of infection frequency
(receptivity)

40 ppb increased disease severity, with
increased growth stages

80 and 120 ppb reduced disease severity on
younger plants (GS 29 and 51), and
increased disease severity on older plants

-Disease  severity,  pustule  density
(receptivity), and spore production effects
all were in agreement

- Os treatment had no effect on latent period
Little evidence that ozone exposure
reduced the severity of the diseased as
measured by area under disease progress
curve.

Smaller pustule size under Oz treatment

Lack of synergism between Oz and leaf rust
on all host parameters.

Suggested

. Reference
Mechanism

Several
speculations
include structural,
metabolic
changes.

(Dohmen,
1987)

No disease-
enhancement
mechanism was
discussed. (Tiedeman
n, 1992a)
Senescence-like

disease inhibition

under high O3

-The absence of
exposure during
germination and
penetration.

-The lack of
direct interaction
between Oz and
the pathogen.

(Pfleeger et
al., 1999)

- Injured tissue
might explain
reduced severity.
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Table (4): Continued.

Host Growth

Disease Stage &

Sampled
Tissue

Leaf
rust

From planting
till maturity

Stem
rust

Leaf
n/a
rust
Stripe
rust

Stem

rust
Presumably

Leaf adult-plants

rust

Host’s O3
response &
Visible
Symptoms

n/a
Presumably
sensitive
(Spring
wheat cv.
Tubro)

Yes, visible
injury

n/a

n/a

*, assuming 1 ppb=2 pg m3

Host/rust
reaction

type

Presumably
Susceptible

Presumably

Susceptible

Susceptible
Resistant

Disease
Stage

Thought the
entire season
(both gases),
accept for 2
days after
inoculation

Inoculation
at tillering
(GS 21-25),
and repeated
at GS 37-39
and GS 51

From
inoculation
through
Latent
period

Before and
throughout
the Entire
cycle

Oz and CO2
Treatments,
Exposure system

O3
(20, 80 ppb)

CO2
(370-400, 620-
650 ppm)

O3 + CO2
In closed
chambers

CO2

(+0.03, 0.15, 0.3,
0.75,1.5,4.5and
6 times ambient,

In Glass cuvettes
in the greenhouse

CO2
(750, 390 ppm)

In phytotron

Effects of Gas Treatments on Rust
Diseases

-Rust accelerated Oz injury development
by 14 days

-Os had no effect on germination,
penetration and infection structures

- reduced disease severity, and spore
production

- Increased latent period

- CO: slightly increased disease severity
only on lower canopy

-When combined, Oz effects on disease
were more pronounced than CO2

No effect on germination, penetration, or
infection

Accelerated sporulation (0.15-0.75 %)

Increased disease severity of both
diseases on susceptibles, and no effect on
resistant

Suggested
Mechanism

-Ogz injury and
early senescence
restricted the
host tissue
available for the
pathogen

-COz increased
carbohydrates

-CO2 delayed Os
symptoms by 14
days, but did not
prevent them

Increased
carbohydrates

Increased
carbohydrates

Reference

(Tiedemann
and
Firsching,
1998;
Tiedemann
and
Firsching,
2000)

Gassner and
Straib
(1930), in
German,
reported by
(Manning
and v.
Tiedemann,
1995)

(Bencze et
al., 2013)

129



Previous studies investigating Os effects on wheat rusts were conducted mainly under
relatively high Oz concentrations. Studies focusing on near-ambient or near-threshold
concentrations are lacking. Yearly average baseline Oz at rural or remote sites of the northern
hemisphere ranges from 29 to 49 ppb (Cooper et al., 2014). Os concentrations increase from
this baseline at sea level with the increased elevation to range from 37 to 59 ppb (Cooper et
al., 2014). Although higher concentrations might be experienced in heavily polluted areas, O3
concentrations in the range of 29-59 ppb might be more relevant to wheat growing areas and

season.

The most recent reported trends of Oz concentration indicate significant improvement
in peak concentrations, stabilization or slight increase in background over large areas of the
USA and Europe, and significant increase in China (Cooper et al., 2014; Lee et al., 2014;
Monks et al., 2015; Parrish et al., 2013). Therefore, Oz continues to be a significant stress
during wheat growing season. However, most of the Os treatments experimentally investigated
(60-300 ppb) are relatively high for the wheat growing season and are expected to be in the
range of chronically symptomatic to acute symptomatic treatments for such a sensitive crop,
as confirmed by the symptomatic effects reported on the host and provide as an explanation

for disease decrease Table (3).

Studies in the range of 29-59 ppb are lacking. Only one study investigated the effect of
40 ppb treatment (Tiedemann, 1992a). In this study, five days of exposure to 40 ppb Os for
seven hours a day, prior to the inoculation did not cause Os-induced foliar injury and increased
disease severity of leaf rust at all growth stages. Even the higher concentrations (80 and 120
ppb, 5h d*, for 5 days) increased disease severity in the absence of host injury. However, this
study was conducted using detached leaf segments on Benzimidazole-agar. These results were
not confirmed by other studies using attached leaves. Studies investigating the effects of O3
treatments in the sub-symptomatic range (46.4-55.5 ppb) showed 3-5 fold increase in disease
severity of poplar leaf rust (Karnosky et al., 1999; Percy et al., 2002). This was attributed to
increased leaf witting and, and decreased phenolic glycoside concentrations under elevated Og,
which were not observed under enhanced COz. The results of these three studies are the basis
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for the hypothesis that continuous treatment with sub-symptomatic Oz treatments using near
ambient or near threshold concentrations (e.g. 50 ppb) would weaken the host plant and
enhance rust diseases, whereas relatively-high Oz treatment would restrict the pathogen by
reducing the viable host tissue available to the pathogen. The mechanism of such effect might

be either pre-inoculation predisposition and/or post-inoculation disease enhancement.

Elevated CO. was found to increase leaf and stem rusts only on susceptible hosts, by
increasing the carbohydrate content in the host tissue (Bencze et al., 2013). By the same
mechanism, CO> reduced the effects of relatively high Oz concentrations on leaf rust, when the
two elevated concentrations of the two gases were combined (Tiedemann and Firsching,
1998; Tiedemann and Firsching, 2000). Based up on these two studies, we could postulate
that under combination of near-threshold Oz treatment (50 ppb) and elevated CO., the
increased carbohydrates in weakened tissues would increase rust diseases. We could also
postulate that this increase will be contingent on the host resistance. The exposure
concentration, timing, duration and the corresponding disease stage might determine the

magnitude of these effects.
Research Objectives:

a. Investigation of the effects of entire season treatment with near-ambient Oz and CO; on

leaf rust, on winter wheat varieties with different rust responses, at adult-plant stage.

b. Investigation of the effects of near-ambient Oz and CO> exposure on stem rust on winter

wheat at adult-plant stage.
c. Investigation of the effects of different Oz concentrations on stem rust on winter wheat.

d. Investigation of the effects of near-ambient Oz and CO, exposure timing and duration on

stem rust on winter wheat at seedling stage.

To achieve the objectives of this study, four different experiments were conducted,

each of which focused on one of the objectives above.
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5.3. Experiment (1): Effects of Near-Ambient Oz and CO; on Disease Components
of Leaf Rust, on Oz-sensitive Winter Wheat Varieties, with Different Reaction

Types to Rust
5.3.1. Material and Methods of Experiment (1)

5.3.1.1. Plant Materials

Four winter wheat genotypes (‘Coker 9553, ‘NC Neuse’, ‘Jamestown’ and ‘NuEast”)
known to differ in their response to leaf rust (susceptible, moderately susceptible, moderately
resistant and resistant, respectively) were selected for this experiment. These varieties are
moderately sensitive to Oz (Mashaheet et al., 2014). The seeds were vernalized in darkness in
the refrigerator for 6 weeks at 4°C by placing seeds between two layers of wet filter paper in
petri dishes. Vernalized seedling were planted in 1 L pots filled with Fafard #2 Pro Mix (Fafard,
Anderson, SC, USA), mixed with 5 g slow release fertilizer (Osmocote Plus, Scotts-Sierra
Horticultural Products, Marysville, OH, USA). Plants were grown in Charcoal Filtered air (CF)
in greenhouse. At four weeks after planting, uniform plants were selected, and the main stem,

the first tiller and second tiller were tagged.

5.3.1.2. Gas Exposure

Plants were acclimated for seven days in Outdoor-Plant Environment chambers
(OPECs) (Flowers et al., 2007). After acclimation, plants were grown from growth stage 29-
31 Zadoks until maturity under one of four combinations of CO- (400, 570 ppm, steady state)
and Oz (10, 50 ppb, 12hr average of 24hr diurnal profile), at 60% relative humidity, and 25/
16°C day/night temperature cycle. The four different gas treatments were CF (10 ppb Oz, 400
ppm COz2), Oz (50 ppb Oz, 400 ppm CO2), O3z+CO2 (50 ppb O3, 570 ppm CO3), and CO2 (10
ppb O3, 570 ppm CO>). Two replicates of each gas treatment were used, with three plants per

genotype in each.

132



5.3.1.3. Disease Inoculation

Plants were inoculated with dry urediniospores spores (0.04 gm spores per chamber)
of leaf rust race MBTNB (Tiedemann and Firsching, 1998; Tiedemann and Firsching,
2000) right after flag leaf emergence (Zadoks growth stage of 39-40). Spores were uniformly
spread over plants by reversed air current pumped with air pump through spore collection
block. Due formation were only allowed for one night at inoculation at gas exposure was
disrupted. Plants were left wet for three hours after sunrise, and then were allowed to dry out
for two hours before the gas exposure was resumed, to avoid wet exposure. At inoculation, no

O3 visible symptoms were observed on the flag leaf or F-1.

5.3.1.4. Disease Estimation

Disease severity were visually estimated on flag leaf (F) and the second top leaf (F-1)
on the main stem and the first tiller according to the CIMMYT Rust Scoring Guide illustrated
in Figure (33). Disease severity of the four scored laves were averaged per plant for analysis.
When uredinia were first observed, 5 cm length in the middle of the flag leaf blade was marked
(Singh and Huerta-Espino, 2003). For the latent period, pictures of marked area were taken
at 7-11 and 14-15 days after inoculation (DAI). Numbers of ruptured pustules were counted
and the proportion of ruptured pustules to the final number of pustules at 15 DAI was
calculated. The area under the sporulation curve (AUSC) was calculated. Images of the same
area were taken using a Dino-Lite AM4113ZT Polarizing Digital Microscope (AnMo
Electronics Corporation, Hsinchu 300, Taiwan), and the provided Dino-Lite software were
used to measure pustule length and width. Pustule size was calculated according to the
following formula (Lee and Shaner, 1985): Pustule size = length (mm) x width (mm) x /4.

5.3.1.5. Statistical Analysis

Data were analyzed using mixed procedure in SAS 9.2 (SAS Inc., Cary, NC,
USA). Averages were separated using Tukey-Kramer adjustment.
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Figure (33): The relationships between the assessed percent sporulation area using APS
Assess 2.2 and the corresponding disease severity scores illustrated in the CIMMYT Rust
Scoring Guide scale (CIMMYTT, 1986), and the published modified Cobb scale (Pask et al.,
2012; Peterson et al., 1948; Roelfs et al., 1992).
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5.3.2. Results and Discussion of Experiment (1)

5.3.2.1. Disease Severity of Leaf Rust

Singly, elevated Os increased disease severity of leaf rust on the susceptible variety
Coker 9553 and moderately susceptible variety NC Neuse. This finding confirms previous
results obtained from detached leaf segments on Benzimidazole-agar after exposure to sub-
symptomatic Os treatments (Tiedemann and Firsching, 1998; Tiedemann and Firsching,
2000), which suggests that biotrophic pathogens could be enhanced by sub-symptomatic O3

stress at near ambient concentrations, on susceptible hosts, as illustrated in Figure (34).

CO- treatment of 570 ppm had no significant effect on disease severity on any of the
tested varieties. Slightly higher CO> concentration (620-650 ppm) caused a slight increase in
disease severity (Tiedemann and Firsching, 1998; Tiedemann and Firsching, 2000),
whereas a higher concentration (750 ppm) significantly increased disease severity only on the
susceptible variety (Bencze et al., 2013). Together, these results suggest a slight trend of

increasing disease enhancement with increased CO, concentration.

Combined treatment with both elevated Oz and CO. also resulted in an increased
disease severity on Coker 9553, an intermediate response on NC Neuse, and no effect on
Jamestown and NuEast, another gas treatment by host resistance trend. In previous studies,
elevated CO, was found to delay Os symptom development by 14 days, but it did not
completely prevent it, and eventually, CO> slightly ameliorated the Oz-enhancement of leaf

rust disease severity (Tiedemann and Firsching, 1998; Tiedemann and Firsching, 2000).

Over all, due to the absence of gas treatment effects on disease severity on the
moderately resistant and resistant varieties, along with the increasing effect of gas treatment
on the susceptible varieties, it was concluded that there is a trend of increased protection against
Os-induced disease severity with the increased level of rust resistance in the varieties tested.
These two aforementioned trends indicate the importance of further investigation of the effects

of current Oz concentration on biotrophic pathogens, as supposed to the relatively high
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concentrations anticipated after decades. In addition, the importance of simultaneous breeding
for Os tolerance and rust resistance, as it would result in triple benefit. It would reduce the
direct effects of both stressors; in addition to avoiding the synergism between the two stresses

coincident on vulnerable varieties (sensitive-susceptible).

Singificance letters apply only within variety
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Figure (34): Effects of gas treatments on average disease severity of leaf rust race MMTNB,
on four winter wheat varieties with different reaction types [Coker 9553 (susceptible), NC
Neuse (moderately susceptible) Jamestown (moderately resistant) and NuEast (resistant)].
Four treatments [CF (10 ppb Os, 400 ppm CO2), Os (50 ppb O3, 400 ppm CO2), O3+CO2 (50
ppb O3, 570 ppm CO2), and CO2 (10 ppb O3, 570 ppm CO2)] were applied in OPECs, at 60%
relative humidity, and 25, 16°C day/night temperature cycle. Data is the average of two
replicates of each gas treatment, with three plant per genotype in each. Disease severity was
visually estimated, on flag and second top leaf, on the main stem and the first tiller, and scores
were averaged per plant for analysis. Significant differences in means were determined by

Tukey’s tests. Letters apply only within variety.
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5.3.2.2. Pustule Size on Flag Leaf

Singly and in combination with elevated CO2, Oz significantly increased pustule sizes
on Coker 9553 (susceptible). There were no gas treatment effects on pustule size of leaf rust
on any of the other varieties tested as illustrated in Figure (35). This finding identified one of
the mechanisms by which Os increased disease severity of leaf rust. Hence, it is important for
wheat breeders to selecting against O3 sensitivity and rust susceptibility simultaneously. Gas
treatment effects on parameters such as pustule size, which might be not captured by visual
disease estimation, indicate the importance of precise methods for disease quantification and

investigation of the effects on different disease components.

5.3.2.3.  Area under sporulation curve (AUSC) on Flag Leaf

Latent period of leaf rust showed differential response to gas treatments on different
varieties as shown in Figure (36). On Coker 9552 (susceptible), O3z hastened sporulation. CO>
retarded sporulation on NC Neuse when used singly or in combination with Os. Gas treatment
had no significant effect on latent period of leaf rust on NuEast.

In conclusion, results from experiment (1) is in favors of the hypothesis that leaf rust
is enhanced by sub-symptomatic Os treatments. This hypothesis needs to be tested on stem

rust, as there is no study that looked at sub-symptomatic Os treatment.
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Significance letters apply only within variety
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Figure (35): Effect of Gas treatment on pustule size (mm?®) of leaf rust race MMTNB, on four
winter wheat varieties with different reaction types [Coker 9553 (susceptible), NC Neuse
(moderately susceptible) Jamestown (moderately resistant) and NuEast (resistant)].
Treatments included four different combinations of Oz and CO. [CF (10 ppb Os, 400 ppm
COz), Oz (50 ppb O3, 400 ppm CO2), O3+CO2 (50 ppb O3, 570 ppm CO), and CO: (10 ppb
03, 570 ppm CO»)], at 60% relative humidity, and 25, 16°C day/night temperature cycle. Data
is the average of two replicates of each gas treatment, with three plants per genotype in each.
Pustule length and width were measured on middle of flag of the main stem, and were used for
pustule size calculation. Significant differences in means were determined by Tukey’s tests.

Letters apply only within variety.
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Figure (36): Effect of four combinations of CO- (400, 570 ppm) and Oz (10, 50 ppb) on latent
period [percent pustule formation and area under sporulation curve (AUSC)] of leaf rust race
MMTNB, on three winter wheat varieties: Coker 9553 (susceptible); NC Neuse (m.
susceptible); Jamestown (m. resistant)]. Treatments were applied in OPECs, at 60% relative
humidity, and 25/16°C day/night temperatures. Data is the average of two replicates of each
gas treatment, with three plants per variety in each. Significant differences in mean were

determined by Tukey’s tests. Letters apply only within variety.
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5.4. Experiment (2): Effects of Near-Ambient O3 and CO:2 on Disease Severity of Stem

Rust, on Os-sensitive Winter Wheat Varieties, with Different Reaction Types
5.4.1. Material and Methods of Experiment (2)

Two winter wheat genotypes (‘Coker 9553 and ‘NC Neuse”) known to differ in their
response to stem rust (susceptible and resistant, respectively) were selected for this experiment.
These varieties are moderately sensitive to Os (Mashaheet et al., 2014). Plants were
vernalized, planted, grown in the greenhouse, selected for uniformity, tagged, acclimated and
exposed using the same materials and methods as experiment (1).

Plants were inoculated with urediniospores spores of stem rust race QFCSC suspended
in Tween 20 solution. Each variety was represented in each gas treatment by four plants, which
were grouped and quantitatively sprayed with 10 ml suspension containing 0.01 gm spore
using reversed air current pumped with air pump through spore collection block. The

incubation process was conducted as experiment (1).

At 21 days after inoculation, the leaf sheath of the flag leaf of the main stem and the
first tiller were sampled and photographed. The images were analyzed using the image analysis
software Assess 2.2 (APS, Saint Paul, Minnesota, USA), and percent sporulation area were
assessed. The relationships between the assessed percent sporulation area and the disease
severity scores assigned according to the most commonly used scales [modified Cobb scale
(Pask et al., 2012; Peterson et al., 1948; Roelfs et al., 1992), and the CIMMYT Rust Scoring
Guide scale (CIMMYT, 1986)] are shown in Figure (33).

5.4.2. Results and Discussion of Experiment (2)

5.4.2.1.  Percent sporulation area of Stem rust

Statistical analysis indicated that there was no difference in response between the flag
leaf sheath from the main stem and the flag leaf from the first tiller, however, the gas treatment

has a significant effects. Singly and in combination with elevated CO2, Oz increased disease
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severity of stem rust on the susceptible wheat variety ‘Coker 9553°. Gas treatments did not
alter the disease response of the resistant variety ‘NC Neuse’. This is the first report on Os-
induced disease enhancement, and the first report on the effects of sub-symptomatic Os
treatment on stem rust. These results confirms our previous result obtained using leaf rust.
These results suggests that current ambient O3 concentrations might have a double impact on
wheat production; the first is the direct Oz inhibition on wheat yield, and the second is indirect
by increasing effects of rust. It is clear that a study that includes both injurious and sub-
symptomatic Os treatment is critical in order to confirm the differential effects of different O3
concentrations.
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Figure (37): Effect of Gas treatment on percent sporulation are of stem rust race QFCSC, on
winter wheat varieties Coker 9553 (susceptible) and NC Neuse (resistant). Four different gas
treatments were conducted in OPECs [CF (0 ppb O3, 400 ppm CO3), Oz (50 ppb Oz, 400 ppm
C0O»), 03+CO2 (50 ppb O3, 570 ppm CO-), and CO- (0 ppb O3, 570 ppm CO3)], at 60% relative
humidity, and 25, 16°C day/night temperature cycle. Data is the average of two replicates of
each gas treatment, with three plants per genotype in each. Significant differences in mean

were determined by Tukey’s tests. Letters apply only within variety.
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5.5. Experiment (3): Effects of Different Oz Concentrations on Stem Rust at

Seedling Stage
5.5.1. Material and Methods of Experiment (3)

Seeds of winter wheat genotypes Coker-9553 (rust-susceptible, Osz-moderately
sensitive) were planted and grown plastic containers under charcoal-filtered air in a greenhouse
for four weeks, then seedling with uniform growth stage of 21-22 Zadoks (Tottman, 1987;

Zadoks et al., 1974) were selected and the main stem were tagged.

Then plants were moved to Out-door Plant Environment Chambers (OPECS) for three
days of acclimation, followed by three weeks of exposure to four different Oz concentrations
(CF, 50, 70, and 90 ppb), applied as 12hrs averages of a 24hrs predefined diurnal profile shown
in Figure (38). Temperatures were maintained at 25/16 day/night cycle, at near-ambient CO2
concentration (400 ppm), and 50% RH. The experiment included eight OPECs divided into
two blocks, each treatment was assigned to one chamber per block.

After three weeks of exposure, plants were inoculated with stem rust race QFCSC.
Fresh spores maintained on susceptible plants in the greenhouse were collected and cleaned of
plant debris. Each nine plants were sprayed with spore suspension in distilled deionized water
solution of Tween 20. Plants were placed on a rotating carousel, sprayed with a hand sprayer,
and returned to the assigned OPEC. At sunset, the OPEC exposure systems were turned off
and the relative humidity were increased to 100% and maintained above 95% to allow dew
formation overnight. In the morning, the plants were left in still air for three hours and then the
air circulation was restored in each OPEC until the plants were completely dry (to avoid wet

exposure to Os. Then the Oz treatments were restored.
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Figure (38): Target 24hr diurnal profiles for the three O3z treatments with 12hr average of 50,
70 and 90 ppb, applied in Outdoor-plant Environment Chambers (OPECS), to study the effects

of different O3 concentration on stem rust at seedling stage.

The top two leaves on the main stem were tagged at inoculation and three plants per
treatment were harvested 7, 14, and 21 days after inoculation (DAI) as illustrated in Figure
(39). Leaves were scanned using a flat bed scanner scanner and images were analyzed using
the APS Assess 2.2, image analysis software (APS, Saint Paul, Minnesota, USA). The
observed present sporulation area estimated using the software was statistically analyzed using
SAS 9.4 (SAS Inc., Cary, NC, USA) as shown in Figure (40), and averages were separated
using Tukey’s adjusted p-values.
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Figure (39): Timeline for Os treatment, stem rust inoculation, and disease sampling, used to study the effects of different Oz

concentrations on stem rust at the seedling stage in experiment (3).

Figure (40): Assessment of percent sporulation area using scanning laves and image analysis using APS Assess 2.2. Top leaf

shows the actual stem rust sporulation area, and the bottom leaf shows the sporulation area identified by the APS Assess 2.2.
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5.5.2. Results and discussion of Experiment (3)

Statistical analysis of percent sporulation area showed no significant second order
interaction between Concentration, exposure timing and duration, and leaf position; however,
two of the first order interactions were significant, Concentration x leaf position and

concentration x sampling time (DALI).

Both leaf positions showed significantly high sporulation at 50 ppb Os, with no
significant differences between the two, which indicates that near-threshold Oz stress is
conducive to stem rust, on more than one leaf position and order, within the canopy as
illustrated in Figure (41). There were no significant differences between leaf positions at CF
and 50 ppb. However, percent sporulation area at both of the high Oz concentrations (70, 90
ppb) showed differential response between leaf positions, where the older leaves (T-1) showed
significantly less disease than younger ones (T). However, only the older leaves at 90 ppb
showed significantly less disease than the younger leaf position on the control plants. These
findings indicate that Oz effects on stem rust, and rust diseases in general are not linearly
correlated with concentration. The sub-symptomatic concentrations are conducive to the
disease whereas the relatively high concentrations are suppressive.

The change in sporulation area over time in CF, 50 and 70 ppb showed a typical
increase until 14DAI, followed by a slight decrease at 21DAI. On the other hand, 90 ppb
showed a decreased sporulation area after 7DAI. However, these changes over time were only
significant at 50 ppb as illustrated in Figure (41).

In conclusion, these results support the hypothesis that sub-symptomatic Oz treatments
have different effects on rust disease, which might apply to other biotrophic pathogens, such
as powdery mildew. However, further studies are needed to validate this generalization. These
O3 effects could be a result of Os-induced predisposition and/or Osz-induced disease
enhancement. In addition, there is no information on the timing and dose requirements for such
effects to take place, as well as the possible protection from current and future elevated CO-

levels.
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Figure (41): Effect of continuous treatment with different Oz concentrations (50, 70, and 90
ppb 12hr average of 24hr diurnal profile on percent sporulation area of stem rust (race QFCSC)
at two leaf positions [top leaf (T) and second top leaf (T-1)]) on the main stem (a), and at 3
different times after inoculation (7, 14, 21 DAI) (b). Winter wheat cultivar Coker-9553 used
was grown in OPECs, at 50% RH, 25/16 °C (day/night), and 400 ppm COx.
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5.6. Experiment (4): Effects of Oz and CO: concentration, exposure timing and

duration on stem rust on winter wheat at seedling stage
5.6.1. Material and Methods of Experiment (4)

In this study, Coker-9553 was used to examine the effects of both the timing and the
duration of gas exposure on stem rust disease severity. Seeds were vernalized, planted, grown
in the greenhouse, selected for uniformity, tagged, acclimated and exposed using the same

materials and methods as experiment (3).

Then plants were moved for three days of acclimation in Out-door Plant Environment
Chambers (OPECs) maintaining 50% relative humidity, and 25, 16°C day/night temperature
cycle. After acclimation, plants were exposed for six weeks to one of three gas treatments [O3
(50 ppb O3z, 400 ppm COz), O3+CO2 (50 ppb O3, 570 ppm CO2), and CO2 (0 ppb O3, 570 ppm
CO)], comparing to a CF control (0 ppb Oz, 400 ppm CO.). For each of these three gas
treatments (O3, O3+CO> and CO.), seven different combinations of timing and duration of
exposure were applied, each of which targeted a specific stage of the host/pathogen interaction
with inoculation occurring after the initial 3 weeks of gas treatment. The combinations of
timing and duration were as follows: 1%-6" weeks (continuous); 1%-3 weeks (long
predisposition); 3™ week (short predisposition); 4"-6™ weeks (whole disease cycle); 4™ week
(latent period); 5™ week (sporulation); and 6 week (post-sporulation). Plants were kept in CF
in the days in which they are not assigned for elevated gas treatment, as shown in Figure (42).

Disease inoculation was conducted after the 3 week of exposure using the same
inoculation procedure as experiment (3), however, disease data were collected only once at 21
DAI. The statistical analysis and mean difference identification were conducted using the same
procedure used in experiment (3).
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Figure (42): Timeline for stem rust inoculation and assessment, and different timing and duration of gas exposure, and their
relation to disease stage, used to study the effects of different Oz and CO2 concentration, exposure timing and duration on stem

rust on winter wheat at seedling stage in experiment (4).
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5.6.2. Results and Discussion of Experiment (4)

Results showed that only continuous O3 treatment and Oz exposure for three weeks
prior to the inoculation (long predisposition), significantly increased disease relative to the
control (CF). No other treatments were significantly different from the control. This is strong
evidence that current ambient Oz effects (mimicked by 50 ppb in this study) on wheat
interactions with rust diseases are not currently recognized and thus under estimated, and that
more research efforts are needed to quantify these effects under fully open field conditions.
Because there was no significant difference between the continuous treatment and the long
predisposition before inoculation, we could conclude that the rust increase under 50 ppb O3

was due to a predisposition effect, rather than a post-inoculation disease enhancement.

Continuous treatment with CO> and the combinations of Oz+CO. showed intermediate
response, confirming previously observed results. However, because the CO> concentration
used is the anticipated level after three decades, the CO2 amelioration to Oz effects might not
be a big factor in mediating the presumable current Os-induced disease increase. Rust is known
to be insensitive to Oz (Heagle and Key, 1973a; Heagle and Key, 1973b), and this experiment
provide more evidence for such insensitivity in host tissue, as Os treatments with 50 ppb during

latent or sporulation periods did not alter the disease.
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Figure (43): Effect of gas treatments [CF control (0 ppb Oz, 400 ppm CO3), O3 (50 ppb Os, 400 ppm CO3), O3+CO2 (50 ppb
O3, 570 ppm CO3), and CO2 (0 ppb O3, 570 ppm CO»)], exposure timing (relative to the disease stage) and duration (1-6 weeks)
on stem rust (race QFCSC) on percent sporulation area at two leaf position [top leaf (T) and second top leaf (T-1)]) on the main
stem, at 3 different times after inoculation (7, 14, 21 DAI) on winter wheat cultivar Coker-9553, grown in OPECs, at 50% RH,
25/16 °C (day/night), and 400 ppm COs..
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5.7. General Discussion and Conclusion

Relatively high Oz concentration limit obligate parasites (biotrophic pathogens) by
limiting the viable host tissue required for all pathogen stages. The extrapolation of the
suppressive effects of high Os concentration led to the current consensus that elevated Os is
suppressive to biotrophic pathogens including wheat rust (Manning and v. Tiedemann, 1995;
Pfleeger et al., 1999). O3 concentrations that do not exert this relatively high degree of stress
on the host were shown to cause opposite effects on detached wheat leaf segments
(Tiedemann, 1992a), as well as in other rust systems, but not on attached wheat leaves.
Therefore, this study was attempted to fill in this knowledge gap by investigating the effects
of near-ambient (which are also near threshold) Os concentrations on leaf and stem rusts of

wheat.

This study showed consistent disease increase of both leaf and stem rust of wheat, under
near-ambient but not under relatively high Oz concentration. The Oz-induced disease increase
was more pronounced with increased susceptibility to the pathogen, as reflected in larger
pustule size (increased inoculum sources), and accelerated pustule formation (shorter
generations), which are likely to increase rust epidemics. The decreased Oz effects with
increased rust resistance night indicate some cross connections between rust resistance and Os
tolerance, at least when the two stressors are present sat the same time. This trend also suggests
the importance of simultaneous breeding for both stressors, which could result in a double slow

rusting effect.

Os-induced rust disease enhancement was observed on different canopy layers (the top
and second from the top leaves), indicating that Oz effects apply at a whole canopy scale. These
effects also seem to be due to Os-induced predisposition, rather than post-infection disease
enhancement, which means that the negative synergetic effect could take place even if the two
stressors did not coincide. Elevated CO, concentrations did not seem to provide enough
protection against Oz effects on disease, and mainly caused disease increase in the absence of

O3 stress.
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There are several mechanisms, by which sub-symptomatic Oz stress could be

conducive to biotrophic pathogens, and especially rust pathogens:
a- Os-enhanced leaf wettability and spore germination

O3 is known to affects cuticle production (Kontunen-Soppela et al., 2007), chemistry
and physical properties (Percy et al., 2002), as well as topology (Karnosky et al., 1999).
These effects were found to affect the wettability and free-water film formation on leaves,
which is a key requirement for spore germination (Percy et al., 2002). Near-ambient Os
(around 50 ppb) treatments increased the disease severity of poplar leaf rust by four folds
compared to ambient concentrations (36.0-38.8 ppb), and the combination of O3z and CO;
showed threefold increase, whereas CO- alone did not cause changes (Percy et al., 2002).
These authors attributed this increase partially to the changes in leaf wettability, because of
changes in cuticular wax structure, as Os altered the ratio of the most hydrophobic
(hydrocarbons) to least (fatty acids) hydrophobic cuticular, which is expected to increase leave
wettability (Holloway, 1969). Elevated concentrations of either Oz or CO2, as well as their
combination were found to increase the synthesis of fatty acids, which stimulate host
recognition by the pathogens (Percy et al., 2002). In addition, changes in cuticle topology were
observed under near-ambient Oz treatment that caused fivefold increase in aspen leaf rust
(Karnosky et al., 1999).

b- Rust protection to the host cells in the infection locus against O3

Stem rust was found to protect the sub-stomatal mesophyll cells from Oz damage, when
plants are exposed 2-4 hours after inoculation, which was attributed to fungal diffusible factors
produced during germination (Heagle and Key, 1973b). This protection could result from the
direct effects of a factor from the pathogen, or from plant shifts in some aspect of the host’s
metabolism in response to the pathogen factor. The biotrophs are more likely to exhibit this
ability after penetrations, which would lead to differential O3 tolerance within the host tissue,

especially under sub-symptomatic O3 treatments.
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The effect of stem rust infection on the Os response of the host infected tissue was also
investigated (Heagle and Key, 1973b). Stem rust was found to produce diffusible elements
that resulted in significant protection against Oz injury at the infection site. Some evidence for
post-infection rust protection to the host tissue against Oz damage was observed in this study
as the green islands surrounding rust pustules even in totally injured tissue as shown in Figure
(44). We could also see in Figure (44-f), some infection loci that failed to sporulate due to the

severe Os stress.

(d)

Figure (44): Green islands surrounding stem rust pustules on Os-stressed leaves of winter
wheat variety ‘Coker 9553°, indicating post-infection rust protection to the leaf tissue against

O3 damage.
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c- Os-induced reduction of resistance compounds

Resistance and antioxidant compounds production are part of plat’s secondary
metabolism and compete for available plant resources. Attenuated non-injured plants exposed
to near-ambient O3 treatments would have fewer resources available for resistance compounds,
which makes it easier for the pathogen to overcome the weakened plant resistance. The
fourfold increase in polar leaf rust under near-ambient Oz treatment was associated with
decreased phenolic glycoside concentrations (important defense compounds of poplar),
whereas they were increased under elevated CO (Percy et al., 2002).

d- Os-induced electrolyte leakage

Low to moderate Os stress could cause sub-symptomatic effects, such as membrane
disintegration, leading to electrolyte leakage into the apoplast (Zheng et al., 2011). This type
of effects were found to alter wheat interactions with necrotrophic pathogens by increasing
disease severity (Tiedemann and Pfahler, 1994), which could have similar effects on
biotrophic pathogens, such as wheat rusts. Induction of electrolyte leakage into the apoplast is

known to be a pathogenicity factor in some diseases.

Disintegration of cell membranes and electrolyte leakage would allow the pathogen to
timely acquire host-originated nutrients needed after the exhaustion of the spore’s reserve. The
spore supply is enough for sending very few haustoria to adjacent host cells after penetration
through stomata (Leonard and Szabo, 2005). If these haustoria failed to establish the nutrient
acquisition from the host, the infection fails to progress (Leonard and Szabo, 2005). Easy
nutrient acquisition or availability in the apoplast for the rust fungus to utilize once penetrated,
could result in higher infection success rate that could be observed as more pustules per area

(also known as Receptivity).

Leaf rust pathogens with different infection type were found to cause differential and
correspondent electrolyte leakage shortly after infection, and the differences in electrolyte

leakage between races gradually vanished over time. These changes in electrolyte leakage were
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correlated with peroxidase activity (Saini et al., 1988). Extreme rust resistance of some wheat
varieties is attributed to their ability to significantly reduce electrolyte leakage into the apoplast
and extremely susceptible reactions were associated with the opposite response (Thatcher,
1943). Stresses that increases electrolyte leakage such as cold were found increase rust and
reduce host resistance (Thatcher, 1943). This indicates the importance of the electrolyte
leakage shortly after infection, and suggests that Os-induced electrolyte leakage might have
similar effects on rust. The host cells are much more sensitive to such effects on plasma
membrane permeability, which explained why host cells are killed before the pathogen cells
start to be negatively affected (Thatcher, 1943).

e- Disruption of receptors and resistance proteins

Many of the rust resistance genes are coding for nucleotide-binding site leucine-rich
repeats (NBS-LRR) which are receptor protein domains located on the apoplastic side of the
plasma membrane Many of the rust resistance genes encoding NBS-LRR protein domains are
usually resistance proteins (RP) located on the apoplastic side of the plasma membrane
(Kolmer, 2005). These domains are known as signal receptors especially for diseases signals.
Because of their locations, the NBS-LRR proteins are vulnerable to Os-induced ROS in the

apoplast. This might result in protein denaturation and function loss.
f- Resources relocation from injured into healthy tissue

Chronic Oz exposure causes accelerated senescence. Enzymes involved in regulated
cellular disassembly, and nutrient translocation, such as RNases and nucleases, showed
increased activities in wheat flag leaf tissues from plants chronically exposed to Oz (Booker,
2004). Hence, this increased activity would allow more nutrients for the fungus once it
penetrate the host tissue, and continue to provide the pathogen as long as the surrounding tissue

is still viable.
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g- Interference of ROS scavenging physiology with timely activation of HR

Activated ROS scavenging mechanisms might interfere with critical and time-sensitive
physiological mechanisms for resistance, such as the initiation and containment of HR under
pathogen attack. The HR is an indicative of pathogen attack (Wrzaczek et al., 2010) usually
leading to resistance responses (Overmyer et al., 2003). The up-regulation of resistance genes
in response to a chronic stressor like Os would be unsuitable and cannot be maintained for an
extended period, as the continuous upregulation of resistance genes consumes from plant
resources. Hence, Os stressed plants might uncouple the HR and the up-regulation of resistance
genes, when HR is not induced by pathogen, which might result in lessened resistance

responses when plant is attacked by the pathogen while under O3 stress.
h- Increased carbon metabolism and sugar availability

Plant pathogens such as rust fungi are sugar dependent (Bolton et al., 2008). O3 stress
increases carbon metabolism and results in increased sugar catabolism as a plant adaptations
mechanism to impaired photosynthesis (Li et al., 2015). The resulting sugars will be also

available to the pathogen colonizing the host tissue.
i- Ozone induced lipoxygenase pathway

The plant lipoxygenase (LOX) pathway is known to be induced in plants by both
pathogen attack (Leonard and Szabo, 2005), and Os stress (Vaultier and Jolivet, 2015). The
formation of appressoria, vesicles and haustorium mother cells are induced by ‘trans-2-hexen-
1-ol’, a six-carbon derivative, one of several six-carbon derivatives of lipoxygenase (LOX)
pathway (Leonard and Szabo, 2005).

j- Ozone interference with interplay of plant hormones

Os tolerance to oxidative stress requires precise control of the interplay of plant
hormones, such as Jasmonic acid (JA) and methyl jasmonate (MeJA), which protect tissues

from ROS-induced cell death and thus counteract the effects of SA and ethylene, two hormones
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are known to increase in response to both Os stress and pathogen attack (Wrzaczek et al.,
2010). Jasmonate treatment reduced the amount of SA produced in response to ozone (Rao et
al., 2000). JA also antagonizes ethylene signaling, and ethylene inhibited JA-induced gene
expression (Tuominen et al., 2004). Ethylene production that interferes with stomatal closure

(Wilkinson et al., 2011) might enhance rust penetration.

These crossroads between rust and Oz stress might explain the increased rust disease
severity, under sub-symptomatic O3 treatments. Understanding the effects of gas treatments on
disease components is critical for estimating rust epidemics and modelling future disease
levels. Research on these essential parameters is needed for increasing wheat yield and feeding
the growing populations worldwide in a changing climate and shifting pathogen.

Breeding wheat for Oz stress tolerance could increase potential, attainable and actual
yield of wheat. Wheat varieties with oxidative stress tolerance would be expected to have
higher yield potential than less tolerant varieties, as oxidative stress is part of several normal
plant physiological processes (e.g. light interception and photosynthesis). However, oxidative
stress tolerant varieties would have much higher attainable yield under oxidative stress
resulting from different stressors, especially elevated Os. Furthermore, varieties with oxidative

stress tolerance are less vulnerable to rust diseases if they are attacked by virulent rust strains.
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