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Summary

Tropospheric ozone [Os] is a secondary air pollutant formed from the photochemical oxidation
of volatile organic compounds in the presence of nitrogen oxides, and it is one of the most
damaging air pollutants to crops. O3 entry into the plant generates reactive oxygen species
leading to cellular damage and oxidative stress, leading to decreased primary production and
yield. Increased O; exposure has also been shown to have secondary impacts on plants by
altering the incidence and response to plant pathogens. We used the Capsicum annum (pepper)-
Xanthomonas perforans pathosystem to investigate the impact of elevated O; (eOs3) on plants
with and without exposure to Xanthomonas, using a disease-susceptible and disease-resistant
pepper cultivar. Gas exchange measurements revealed decreases in diurnal photosynthetic rate
(4’) and stomatal conductance (g,’), and maximum rate of electron transport (J,,,,) in the disease-
resistant cultivar, but no decrease in the disease-susceptible cultivar in eOs, regardless of
Xanthomonas presence. Maximum rates of carboxylation (V. max), midday 4 and g; rates at the
middle canopy, and decreases in aboveground biomass were negatively affected by eO; in both
cultivars. We also observed a decrease in stomatal sluggishness as measured through the Ball-
Berry-Woodrow model in all treatments in the disease-resistant cultivar. We hypothesize that the
mechanism conferring disease resistance to Xanthomonas in pepper also renders the plant less
tolerant to eOj5 stress through changes in stomatal responsiveness. Findings from this study help
expand our understanding of the trade-off of disease resistance with abiotic stresses imposed by

future climate change.
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Significance statement

This paper examines the impact of combined biotic and abiotic stress on plant physiology and
finds that cultivars of pepper resistant to Xanthomonas infection have decreased leaf-level carbon
assimilation and stomatal conductance in response to elevated Os, regardless of inoculation
status. Our data suggests the mechanism conferring pathogen disease resistance in pepper also

renders the plant less tolerant to elevated Oj; stress through changes in stomatal responsiveness.

SUBMITTED MANUSCRIPT



oNOYTULT D WN =

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

The Plant Journal

Introduction

Tropospheric Oj is located 6-20 kilometers above the earth’s surface and is a secondary air
pollutant formed from the photochemical oxidation of volatile organic compounds (VOC) in the
presence of sunlight and nitrogen oxides (NOx) (Kangasjarvi et al., 2005; The Royal Society,
2008). This is separate from stratospheric O; which plays an integral part in blocking harmful
UV radiation from reaching the earth’s surface (Ainsworth, 2017). Tropospheric Os levels are
predicted to increase by 0.5 - 2.5 % annually due to human activities (IPCC 2022). Tropospheric
Oj; concentration is greatest in areas with moderate to high air pollution, warmer temperatures,
and sunlight, which are also conditions where it is favorable for maximum plant photosynthesis
(Royal Society, 2008). Tropospheric Os levels are also dynamic, as they exhibit seasonal
variability with concentrations rising during warmer months and increasing during days with
stronger sunlight intensity (Ainsworth et al., 2020).

Elevated O; concentrations can have a severe impact on plants in many ways. Upon
entering the plant through the stomata, O; rapidly degrades to form reactive oxygen species
(ROS), leading to oxidative stress in the plants (Kangasjarvi et al., 2005). ROS presence disrupts
chloroplast activity by damaging stromal membrane proteins, proteins in photosystem II, and
effecting electron transport activity required in photosystem I and II (Khorobrykh et al., 2020).
This ROS formation can also cause stomatal closure and a subsequent decrease in stomatal
conductance, which can lead to a decrease in plant photosynthesis and productivity (Kangasjarvi
et al., 2005). Plants are able to combat this ROS formation with the help of antioxidants, as they
work to scavenge the ROS present under both stress and normal conditions (Tiwari & Agrawal,

2018).

SUBMITTED MANUSCRIPT

Page 4 of 50



Page 5 of 50

oNOYTULT D WN =

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

The Plant Journal

Elevated O; has also been shown to impact gas exchange at the leaf level. While the
impact of elevated O3 on stomatal conductance is species dependent, O3 has been shown to
impact stomatal closure and lead to stomatal sluggishness, which is characterized by decreases in
stomatal conductance which ultimately limit photosynthesis (Paoletti & Grulke, 2010).
Additionally, analysis using the Ball-Woodrow-Berry (BWB) model (Ball et al., 1987) has
demonstrated that elevated O; can proportionally decrease the relationship between
photosynthetic rate and stomatal conductance in certain varieties of C; and C, plants, as well as
decrease water use efficiency in C; plants (Li et al., 2019; Masutomi et al., 2019). These impacts
of O3 on photosynthesis directly affect overall plant growth and primary metabolism, ultimately
contributing to decreases in net primary productivity (Ainsworth et al., 2012).

Recent reviews of plant responses to O3 indicate exposure to O3 can alter the ability of
the plant to respond to biotic pressures (Ainsworth et al., 2017; Leisner et al., 2023). Romero et
al., (2020) found that O3 exposure in tomato (Solanum lycopersicum) cultivars that were tolerant
to Xanthomonas species exhibited an increase in disease intensity upon O3 exposure. This was
seen in both their O; sensitive and tolerant cultivars, even after the application of a
benzothiadiazole, a disease resistance enhancer. Conversely, when strawberry plants (Fragaria
virginiana) were subjected to acute O; fumigation and inoculation with Xanthomonas fragarie,
an inhibition of lesion formation was observed (Laurence & Wood, 1978). Elevated O3 has also
been shown to change the profile of the leaf surface, as it can lead to an increased leaf
wettability, which is the affinity for water to form and hold to the leaf’s surface. This becomes
ideal for pathogenesis, as it in turn increases the ability for bacterial pathogens to attach and

successfully colonize (Karnosky et al., 2002; Grinberg et al., 2019).
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At the cellular level the signaling pathways induced or altered by elevated O; can mirror
those from pathogen infection. The oxidative ROS burst that plants experience in response to O;
entry into the plant mimics the same ROS burst plants experience in response to pathogens
(Langebartels et al., 2002). Os can also trigger a hypersensitive defense (HR) response like that
induced by pathogens. An HR is elicited to help increase expression of defense-related genes,
attempting to slow or stop the movement of a biotic or abiotic threat (Zurbriggen et al., 2010).
The oxidative burst caused by O can also impact interactions among major plant hormones, all
of which are important elements of plant defense responses to pathogens (Leisner et al., 2023).
Plant pathogen presence has been shown to cause changes in total antioxidants in infected tissue,
which are an important to quench ROS generated from elevated O3, but this response is species-
dependent and dependent on pathogen trophic lifestyles (De Gara et al., 2003). Taken together, it
is important to understand the complex interplay of biotic and abiotic stress responses in plants at
the physiological level.

In this study we used the pepper (Capsicum annuum) — Xanthomonas perforans
pathosystem to understand how plants will respond against a simultaneous challenge of elevated
O; and a foliar pathogen, given their overlapping signaling pathway and impact on plant
productivity. Xanthomonas spp. cause bacterial spot symptoms on Solanaceous plants, such as
tomato and pepper (Potnis et al., 2015). Bacterial spot symptoms start with circular lesions that
lead to necrosis on leaves and fruit. Defoliation can also occur, and lead to sun scalding (Potnis
et al., 2015). Similarly, chronic exposure to elevated O; concentrations can lead to foliar damage
including symptoms such as bronzing, yellowing, necrosis, and chlorotic spotting (Iriti et al.,
2006). In this study physiological and yield responses of pepper plants to growth in these

combined growth environments were evaluated in an experimental near-field setting. We
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hypothesized that Xanthomonas-susceptible cultivars of C. annuum would have limited
photosynthetic performance, yield, and slower stomatal responsiveness compared to the
Xanthomonas-resistant cultivars when subject to both elevated O3 and pathogen stress. We
expect these limitations to be caused primarily in response to elevated O; compared to the
pathogen presence. From this study, we aim to test the resiliency of the disease-resistant cultivar
when faced with both an abiotic stress and pathogen by evaluating plant physiological
parameters. Using this novel approach, we can gain further insights into the underlying
mechanisms that promote greater biotic resistance in plants when challenged with combined

stresses.

Results

Diurnal carbon assimilation and stomatal conductance were only impacted by ozone in the
disease-resistant cultivar

To determine the overall response of 4 and g; to our treatment groups, midseason diurnal gas
exchange measurements were taken to obtain integrated daily carbon assimilation (4 ") and
stomatal conductance (g,’) values at the midseason timepoint. There was a significant main
effect of O; (non-Oj3 treatments (Control & Inoc) compared to eO; treatments (eO3 & Inoc +
e0;) for g,’ but no significant main effect of inoculation (Inoc and Inoc +eOj; versus Control and
€0;) or interaction of €03 x Inoc for the disease-resistant cultivar (Fig. 1A). For the disease-
susceptible cultivar, there was a slightly significant main effect of eO; (p = 0.063), but no
significant main effect of inoculation or an interaction of eO; x Inoc (Fig 1A; Supplemental
Table 1). Overall, the disease-resistant cultivar showed a significant 64% decreased in g;’ in

elevated O; conditions (€03 and Inoc + €O3) compared to ambient O3 conditions (Control and
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Inoc) (Fig. 1A). Pairwise comparisons of each treatment in the disease-resistant cultivar found
there was a moderately significant decrease in g, in eO; compared to Inoc (p = 0.073), O3
compared to the control (p = 0.06), and Inoc + eO5; compared to the control (»p = 0.085).
Additionally, there was a moderately significant decrease in g;” in Inoc + eO; compared to the
control (p = 0.085) in the disease-resistant cultivar (Fig. 1A). There was no significant impact on
g, for any treatment for the disease-susceptible cultivar, however (Fig. 1A). Analysis of diurnal
carbon assimilation (4 ’) found that eO; had a significant effect on 4" in the disease-resistant
cultivar compared to the control and inoculation alone, while neither eO5 or inoculation
(individually or in combination) had an impact on 4’ for the disease-susceptible cultivar (Fig 1B;
Supplemental Table 2). Elevated O; (averaged across eO3 and Inoc + ¢O; treatments)

significantly reduced 4’ in the disease-resistant cultivar by 48%.

The impacts of O; and inoculation on midday gas exchange measurements were cultivar- and
canopy height-dependent

Xanthomonas can affect varying canopy levels, with the middle canopy showing high
susceptibility to infection around the fourth pair of leaves, and younger leaves in the upper
canopy exhibiting high variability in infection (Neves et al., 2014). With this in mind, we also
measured midseason midday photosynthetic measurements at the top and middle canopy height.
Stomatal conductance (g) at midday in the upper canopy showed significant effects of elevated
O; treatments regardless of inoculation for the disease-resistant cultivar, but not on the disease-
susceptible cultivar following a similar trend to the diurnal photosynthesis measurements (Fig.
2A; Supplemental Table 3A). There was a 67% decrease in midday g, in elevated O; conditions

(eO;5 and Inoc + €0;) when compared to the ambient O; conditions (Control and Inoc).
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Additionally, there was as significant difference in midday g, at the upper canopy in the Inoc
versus Inoc + eO; treatment, indicating the combined treatment significantly decreased midday g
more than inoculation alone (Fig. 2A). Midday photosynthetic rate (4) in the upper canopy was
significantly decreased in the disease-resistant cultivar when subject to elevated O; (eO5; and
Inoc + e0s3) (Fig. 2B). In the disease-resistant cultivar, there was a 55% decrease in midday 4 in
elevated O; conditions (averaged across €O; and Inoc + €03) when compared to the ambient O;
conditions (averaged across Control and Inoc). There was a main effect of elevated O3 (eO; and
Inoc + e0Os3) in the disease-susceptible cultivar, resulting in a 36% decrease in midday A4 in the
upper canopy compared to ambient O; conditions (Control and Inoc). There was no significant
main effect of inoculation or the interaction of €¢O; x inoculation, however (Fig. 2B).

There was stronger impact of eO; treatment on midday gas exchange measurements for
both the disease-resistant and disease-susceptible cultivars in the middle canopy. Midday g
measurements at the middle canopy showed a significant main effect of elevated O;, but not
inoculation, for both the disease-resistant and disease-susceptible cultivar (Fig. 2C; Supplemental
Table 3B). Elevated O; (including both €O; and Inoc + €0;) decreased midday g in the middle
canopy by 52% compared to ambient O3 conditions in both the disease-resistant cultivar and
disease-susceptible cultivar (Fig. 2C). Pairwise comparisons of the treatment found a significant
decrease in midday g; at the middle canopy in eO; compared to both the control and Inoc in the
disease-resistant cultivar (Fig. 2C), while only eO3 and Inoc were significantly different in the
disease-susceptible cultivar. Midday A4 in the middle canopy was also significantly decreased by
elevated Os, regardless of inoculation status in the disease-resistant and disease-susceptible
cultivar (Fig. 2D). Elevated O3 (eO3 and Inoc + €0O3) decreased midday A in the middle canopy

by 47% in the disease-resistant cultivar and 41% in the disease-susceptible cultivar when

SUBMITTED MANUSCRIPT



oNOYTULT D WN =

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

The Plant Journal Page 10 of 50

compared to the ambient O treatments (Control and Inoc). There was no significant difference
in midday 4 at the middle canopy between the eO; and Inoc + eOj; treatment for either cultivar,
however, Inoc and Inoc + eO; were significantly different in both cultivars (Fig. 2D). This
indicated that the impact of combined Xanthomonas and Oz exposure on gas exchange

parameters is dependent on leaf age in pepper.

Maximum rates of carboxylation and electron transport were significantly decreased in
elevated O; conditions for the disease-resistant cultivar

The maximum rates of carboxylation (V. ,..,) was significantly lowered in the disease-resistant
cultivar when exposed to elevated O; conditions (eOz and Inoc + €O3) compared to the control
and inoculation alone (Fig. 3A; Supplemental Table 4). V.. was decreased by 61% in the
disease-resistant cultivar when averaged across elevated O; treatments. There was no significant
difference in V.. ., between the Inoc and Inoc + eO; treatments in the disease-resistant cultivar.
There was also a significant main effect of elevated Oz on V. ., for the disease-susceptible
cultivar (Fig. 3A). V.. Was decreased by 48% in the disease-susceptible cultivars when
averaged across elevated Oj treatments (eO; and Inoc + €03). Electron transport rate (J,,,.) was
significantly decreased in the disease-resistant cultivar when subject to eO; compared to the
control and inoculation alone (Fig 3B; Supplemental Table 5). There was no significant
difference in J,,,, between the Inoc and Inoc + €O; treatments in the disease-resistant cultivar
(Fig. 3B). In the disease-resistant cultivar J,,,. was decreased under elevated O; conditions (eO;
and Inoc + e€0O;) by approximately 53.8% when compared to ambient O; conditions (Control and
Inoc). There was no significant impact of O; or inoculation for the disease-susceptible cultivar

(Fig. 3B).
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Chlorophyll content was significantly impacted by both elevated O; and inoculation in both
cultivars in a canopy height-dependent manner

Chlorophyll content was measured for leaves in both the upper and middle canopy for both
cultivars across all treatments. Chlorophyll content measured in the disease-resistant cultivar was
significantly lowered at both the upper and middle canopies when subject to elevated O3
conditions (Fig. 4A,B; Supplemental Table 6). Chlorophyll content was decreased by 36% in the
upper canopy and 32% in the middle canopy when subject to elevated O; conditions (eO; and
Inoc + €03) when compared to ambient O; conditions (Control and Inoc) in the disease-resistant
cultivar. There was also a significant decrease in chlorophyll content between Inoc and Inoc +
€03, but not eO3 and Inoc + eO; for the disease-resistant cultivar at both canopy heights (Fig.
4A,B). Leaf chlorophyll content was only significantly reduced in the disease-susceptible
cultivar between the Inoc and Inoc + eO; treatment in both the middle and upper canopy (Fig.
4A,B), with a significant main effect of both O; and inoculation in the middle canopy (Fig. 4B).
The disease-susceptible cultivar had a 21% decrease in leaf chlorophyll content in the Inoc +eO;
treatment compared to Inoc alone in the upper canopy, and a 29% decrease in the middle canopy.
This indicates that canopy height may play an important role in determining the combined

impacts of Xanthomonas presence and elevated O3 on leaf chlorophyll content.

Residual stomatal conductance is significantly impacted by elevated O; and inoculation in the
disease-resistant cultivar, whereas the slope constant was not impacted by any treatment in

both cultivars
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Using the BWB model previously described, stomatal conductance was plotted as a linear
relationship to environmental factors such as light, humidity, and CO, concentration. From this,
we calculated m, representing the empirical relationship between stomatal conductance (g) and
photosynthetic rate (4) when subject to these factors, and g, representing the residual stomatal
conductance as photosynthetic rate (4) approaches 0 (Ball ez. al., 1987; Leuning, 1995). Both
elevated O; and the interaction of elevated O3 x inoculation had significant main effects on g, in
the disease-resistant cultivar (Fig. SA; Supplemental Table 7). Pairwise comparisons of
treatments found that g, was decreased by all treatments when compared to the control in the
disease-resistant cultivar (Fig. 5). Elevated O; (eO; and Inoc + eOs) decreased gy by 63% (Fig.
5A), when compared to ambient O3 (Control and Inoc). Inoculation (Inoc and Inoc + €O3)
decreased gy in the disease-resistant cultivar by 29% when compared to plants without
inoculation with the pathogen (Control and €O3). There was a main effect of elevated O; on g
for the disease-susceptible cultivar, with a 72% decrease in g, by the Inoc + e¢O; treatment when
compared to Inoc (Fig. 5A). The slope constant (m) was not significantly impacted by any
treatment for the disease susceptible or disease-resistant cultivars (Fig. 5B; Supplemental Table

8).

Total antioxidant capacity was not impacted by any treatment across cultivars

Total antioxidant capacity was measured in leaf tissue collected from the upper canopy of plants
from each OTC, collected at the midseason timepoint, 57 days after planting. The concentration
of total antioxidants ranged from ~ 185- 226 nmol TE mg FW-! in the disease-resistant cultivar,

and from ~195-237 nmol TE mg FW-! in the disease-susceptible cultivar (Fig. 6; Supplemental
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Table 9). There was no significant impact of any treatment on total antioxidant capacity, in both

the disease-resistant and disease-susceptible cultivars.

Total aboveground biomass was lowered in elevated O3 conditions while fruit weight remained
unaffected

At the final harvest in August, we collected aboveground biomass, including any plant material
aside from fruits from soil level up. Elevated O; was a significant factor in decreasing
aboveground biomass in both the disease-resistant and disease-susceptible cultivars (Fig 7A;
Supplemental Table 10). Aboveground biomass collected for the disease-resistant cultivar in
elevated O conditions (eO; and Inoc + eOs3) was decreased by 43% when compared to ambient
O; (Control and Inoc) conditions (Fig. 7A). There was also a significant decrease in aboveground
biomass between the Inoc and Inoc + €05 treatment, but not the eO5 and Inoc + eO; treatment in
the disease-resistant cultivar (Fig. 7A). In the disease-susceptible cultivar, there was also a
significant main effect of inoculation on aboveground biomass, with a significant decrease in the
Inoc + eO5 treatment as compared to the control (Fig. 7A). Aboveground biomass decreased by
13% in the elevated O3 conditions (eO; and Inoc + eOs) for the disease-susceptible cultivar when
compared to ambient Oz (Control and Inoc) conditions (Fig. 7A).

Total fruit number and ripened fruit dry weights were measured and then the average fruit
weight per plant was calculated. Fruits that had decayed or fallen prior to collection were not
counted. There was a total of 201 fruits collected for the disease-susceptible pepper plants
collected across all treatments, with a total weight of 2870.1 g. There was a total of 194 fruits
collected for the disease-resistant pepper plants collected across all treatments, with a total

weight of 1990.9 g. There were no significant differences for average weight per pepper across
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all treatments for both the disease-resistant and disease-susceptible cultivars (Figure 7B;

Supplemental Table 11).

Discussion

The goal for this study was to investigate the impacts of a combined abiotic and biotic stress
environment on the physiology of a major agricultural crop. We utilized the Xanthomonas —
Capsicum annuum pathosystem for this study as it is a crop relevant in the Southeastern United
States, and Xanthomonas perforans which is an emerging pathogen on Capsicum annuum among
other Solanaceous species (Newberry et al., 2019; 2023). The resistant cultivar used in this study
is considered to possess intermediate level of resistance against all eleven races of bacterial spot
Xanthomonas (Stall et al., 2009) and contains bs5 recessive resistance gene (Clause & Monroy
2019). In selecting the resistant and susceptible cultivars used for this study we can evaluate if
there are any tradeoffs in abiotic stress resistance associated with enhanced biotic stress

resistance.

The disease-susceptible cultivar demonstrates stronger Oj; tolerance than the disease-resistant
cultivar when leaf-level physiological parameters are evaluated

Our study found that O; had the largest negative impact on leaf-level physiology compared to
inoculation alone. This response was almost exclusively seen in the disease-resistant cultivar
(Fig. 1-3). The strongest impact on diurnal and midday gas exchange parameters, as well as

Ve max and J,,,c was seen with the eO; and Inoc + Oj; treatments for the disease-resistant cultivar.
We also observed significant impacts of elevated O; alone and in combination with inoculation

on leaf chlorophyll content in the disease-resistant cultivar at the upper and middle canopy (Fig.
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4). For the disease-susceptible cultivar we only saw significant negative treatment impacts on

V. max» midday gas exchange and chlorophyll content taken at two canopy heights (Fig. 2 & 4).
Midday 4 taken at the upper canopy had a significant main effect of O; for the disease-
susceptible cultivar (Fig. 2B). Additionally, 4 at the middle canopy was significantly negatively
impacted by inoculation and inoculation with elevated O; compared to the control in the disease-
susceptible cultivar (Fig. 2D). There was also a significant main effect of elevated Oz on V. 4,
(Fig. 3A), and leaf chlorophyll content at the upper and middle canopy was also significantly
negatively impacted by inoculation with elevated O; for the susceptible cultivar (Fig. 4B). Taken
together, this indicates that the disease-susceptible cultivar has higher O; tolerance at the leaf-
level than the disease-resistant cultivar, and canopy height is an important factor in evaluating
physiological responses to elevated Os.

Previous literature has demonstrated that elevated O; negatively impacts leaf-level
physiological parameters (Ainsworth et al., 2012). Elevated O; has also been shown to decrease
leaf chlorophyll content across multiple depths in the canopy (Tenga & Omrod, 1990), which in
turn, can negatively impact photosynthetic efficiency. Work done in lettuce (Lactuca sativa L.)
also found that chronic O; exposure can cause limitations in J,,,, and V.. (Goumenaki et al.,
2010). In this study they hypothesized that chronic O; exposure may lead to a decrease in the
abundance of Rubisco and Rubisco-activase and may be associated with developmental stage of
the leaf. In our study, we observed that the disease resistant cultivar showed stomatal and
biochemical limitations (decreases in V. .., and J,,,,) at elevated O3 conditions, while the disease
susceptible cultivar only showed a decrease in rubisco activity (V. .) which could have been
caused by decreases in rubisco concentration (Goumenaki et al., 2010). These results indicate

there is cultivar variation in the elevated O; response in pepper, as we see increased sensitivity to
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O; in the cultivar with greater disease resistance. Cultivars of other crops including corn and
soybean have also shown to have this variable sensitivity to O3, with some soybean cultivars
exhibiting greater antioxidant capacity in chronic elevated O; conditions (Betzelberger ef al.,
2010; Ainsworth, 2012).

Additional work has shown that leaf age is a factor in elevated O3 vulnerability. When
exposed to elevated O; compared to ambient and charcoal filtered conditions, older leaves in
black cherry (Prunus serotina) exhibited decreased stomatal conductance and photosynthetic
rate, as well as increased visual leaf damage caused by O; (Zhang et al., 2010). Furthermore,
previous work has also shown that elevated O; can cause decreases in leaf chlorophyll content
across multiple depths in the canopy (Tenga & Omrod, 1990), which in turn, can negatively
impact photosynthetic efficiency. Burton et al., (2016) found older leaves in the soybean canopy
exhibit greater foliar damage caused by elevated O3, suggesting that the genes involved in O3
response may differ depending on the leaf age, and may be linked to the redox state within the
apoplast. Future work is needed therefore to evaluated O; impacts on leaf-level physiology at
multiple developmental ages during the growing season, as this may impact the plant

physiological response.

Both disease pressure and elevated Oj; affect stomatal responses in pepper as seen through
changes in the BWB relationship

The BWB model describes the relationship between net photosynthesis (4,) and stomatal
conductance (g;). Parameterization of the BWB model was done to determine impacts of
pathogen pressure and O on the slope constant (m) and residual stomatal conductance (gy) (Fig.

5). Residual stomatal conductance (g,) was significantly decreased by all treatments compared to
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the control in the disease-resistant cultivar (Fig. 5SA), while neither inoculation nor O; had a
significant effect on the slope constant () in either cultivar (Fig. 5B). The results from our study
report for the first time the relationship between 4, and g; is altered by elevated Os alone and in
combination with pathogen infection in pepper. Previous studies have already demonstrated the
BWRB relationship is impacted by elevated O3 (Lombardozzi et al., 2012; Hoshika et al., 2015,
Masutomi et al., 2019). For example, in rice and in beech it was observed that residual stomatal
conductance was increased due to O3 for cultivars most sensitive to O; (Hoshika et al., 2015;
Masutomi et al., 2019). It was also found in rice that the slope constant was not impacted by O;
(Masutomi et al., 2019). Similarly in our study we found the slope constant was not impacted by
O3, however we found that elevated O3 in combination with pathogen inoculation led to a
decrease in g, in pepper.

Previous work suggests the increase in gy of the BWB relationship may be caused by
stomatal sluggishness, which is impairment or delay in stomatal response due to physiological or
structural damage caused by Oz due to unknown mechanisms (Reich & Lassoie, 1984; Reiling &
Davison, 1995; Paoletti, 2005; Grulke et al., 2007; Paoletti & Grulke, 2010; Hoshika ef al.,
2012). An increase in gy caused by greater stomatal sluggishness and increased stomatal opening
in response to elevated O3 would increase O; uptake in leaves, which would lead to additional Os
damage (Masutomi et al., 2019). Additionally, an increase in g, in response to elevated O3 could
lead to decreased water-use efficiency, as seen in work done in rice (Masutomi et al., 2019),
further exacerbating the negative impacts of O3 on plant physiology and yield.

In our study however, we found a decrease in g, or lack of stomatal sluggishness which
may reflect the complex relationship between O; and pathogen infection on the BWB

relationship. In our study we found elevated O; in combination with inoculation decreased g, by
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71% when compared to the control in the disease-resistant cultivar. The lack of stomatal
sluggishness (decrease in stomatal opening) observed in the disease-resistant cultivar in response
to elevated O; and pathogen infection may also explain the negative impacts we observed on
leaf-level carbon assimilation (Fig. 1 & 2) and biomass accumulation (Fig. 7A), as previous
work has demonstrated that Xanthomonas infection alone does negatively impact photosynthesis
in other species (Nogués et al., 2003; Zhou et al., 2004; Debona et al., 2014). We did not see an
impact of any treatment on fruit pepper weight (Fig. 7B), however. This aligns with findings
from Thwe et al., (2015), which suggest that there may be a conservatory mechanism when
indeterminate plants are exposed to O3 that may help protect seed count and reproductive
structures. This decrease in stomatal sluggishness may also explain why no changes in
antioxidant capacity were observed across treatments for either cultivar (Fig. 6). If O; uptake is
limited by changes in g; and g, the need to quench additional ROS may be decreased.

The disease-resistant cultivar used in this study contains the recessive resistance gene
bs5, which conveys a non-HR response to Xanthomonas (Clause & Monroy, 2019). We
hypothesize that one mechanism by which this non-HR response provides intermediate level of
resistance to Xanthomonas is by triggering quicker stomatal closure. While the mechanism by
which this would occur in pepper is unknown, previous work in Arabidopsis thaliana gives some
possible insights. The dominant BsJ gene is a susceptibility locus and encodes a protein with a
cystine-rich transmembrane module (CYSTM) domain (Szabo et al., 2023). CYSTM proteins are
involved in both biotic and abiotic stress responses (Mir ef al., 2013) and are hypothesized to aid
in the delivery of virulence factors, specifically, type III effectors. The bs5 recessive gene in the
disease-resistant cultivar contains a deletion variant of this CYSTM protein aiding in the non-HR

response. Work done in Arabidopsis thaliana found the Pathogen and Circadian Controlled 1
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(PCC1) gene, which encodes for a protein with a CYSTM domain, regulates abscisic acid
(ABA)-mediated developmental transitions. This study showed RNA interference constructs for
the PCC1 gene (iPCC1) were hypersensitive to ABA, and stomata of iPCC/ leaves remained
more closed than wild type plants under non-stressed conditions (Mir et al., 2013).

This phenotype of more closed stomata with a silenced CYSTM domain containing
protein in Arabidopsis is like what we observed with the resistant cultivar, showing reduced
stomatal conductance (both g, and g,) under elevated O; conditions, regardless of pathogen
infection. Our observations suggest that the resistant cultivar containing the CYSTM variant,
bs5, shows an altered physiological response when exposed to elevated O3, regardless of
pathogen infection. This altered response, as measured by reduced photosynthetic capacity and
stomatal conductance, warrants further experiments with near-isogenic lines to test the role of the
bs5 variant in simultaneously mediating biotic and abiotic stress tolerance pathways.

It is of note that while the overall disease severity for the disease-resistant cultivar was
lower (0.37%) compared to the disease-susceptible cultivar (53.01%) at mid-season, elevated O;
increased the disease severity only in the disease-resistant cultivar (Bhandari et al., 2023). This
was also accompanied by high variability in disease severity values, suggestive of a plastic
response of the plant (Bhandari et al., 2023). We hypothesize that the variable disease severity
observed under elevated O; may be caused by variation in the extent to which Xanthomonas cells
were able to gain entry through stomata on different leaves and reaching the plant apoplastic
space, taking advantage of the higher humidity and water availability caused by the closed

stomata, and allowing them to proliferate and increase disease severity (Lajeunesse ef al., 2023).

Conclusions
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Taken together, findings from this work demonstrate that the combination of elevated O3 and
pathogen pressure can significantly impact plant photosynthetic parameters more than pathogen
pressure alone. Our work finds that cultivars of pepper resistant to Xanthomonas infection have
decreased leaf-level carbon assimilation and stomatal conductance in response to elevated Os,
regardless of inoculation status. We believe this is possibly due to changes in the BWB
relationship, as we observed a decrease in g, in response to all treatments compared to the
control in the disease resistant cultivar. We hypothesize that the bs5 recessive gene that aids in
Xanthomonas resistance also may be triggering early stomatal closure, which resulted in negative
impacts on leaf-level gas exchange and subsequent biomass accumulation. Future work is needed
to understand the Xanthomonas resistance that exists in Capsicum annuum, and to uncover the

breakdowns seen when faced with additional abiotic stressors.
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Experimental Procedures

Plant growth information and field experimental design

This work was conducted over a single growing season (May-August) in 2021 at the
Atmospheric Deposition site (AtDep) located at Auburn University in Auburn, AL. Pepper
seedlings were germinated starting in late March and grown at the Plant Science Research Center
at Auburn University for ~ 5 to 6 weeks before transplanting to pots. Two cultivars of pepper
were used in the experiment: a Xanthomonas-susceptible cultivar, Early Calwonder, and a
resistant cultivar PS 09979325. The resistant cultivar contains several traits that have been
proven resilient to common biotic stressors of Solanaceous species such as bacterial spot disease
and tobacco mosaic virus (Bhandari et al., 2023). Seventy-two seedlings of each cultivar were
grown at the AtDep site totaling 144 samples for the experiment.

Following transplanting, half of the plants were inoculated with X. perforans and then
relocated to the field for the duration of the experiment according to Bhandari et al. (2023).
Thirteen-liter pots were filled with ProMix potting soil. The soil was amended before
transplanting with 114g of Osmocote slow-release fertilizer following recommendations of
Auburn University Extension practices for pepper. Plants were irrigated twice a day, once
starting at 8:45AM and once starting at 4:45PM each for 30 minutes with a single 7.5 LPH (liter
per hour) dripper, amounting to a total of 3.8 liters of water/day.

The AtDep site was used to expose plants to elevated and ambient levels of O; for the
duration of their life cycle using the OTC system. Each chamber was equipped with a fanbox
that supplied elevated or ambient Oj; air through a double lined plastic wall, with perforations to
create a ring of air blown around the chamber. For the elevated O; chambers, there were four

ozone generators (HVAC-1100 Ozone generator, Ozone Technologies, Hull, IA, USA) that
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controlled two ultraviolet lightbulbs each (Model GPH380T5VH/HO/4 P, Ozone Technologies,
Hull, IA, USA). The intensity of these lightbulbs was set using an analog module, set from 0-
10V, and adjusted depending on factors that may increase or decrease natural Os levels such as
strong UV index or heavy cloud coverage, respectively. Oz concentration for all 12 chambers
were measured every 24 minutes, sampling each chamber for 2 minutes at a time. Plastic tubing
directed air from the chambers to a gas manifold, which redirected air to its coinciding solenoid
valve to be read by the ozone monitor (Model 205 Dual Beam Ozone Monitor, 2B Technologies,
Boulder, CO, USA). Plants were fumigated with elevated Oz or ambient air for 8 hours a day,
between the hours of 10am and 6pm. Plants were placed inside the OTCs directly following
inoculation using a randomized complete block design. Six plants of each cultivar (resistant and
susceptible) were placed in each chamber, with 36 plants per treatment. Utilizing 12 OTCs, we
exposed plants to four different treatments: ambient O3 with no inoculation (Control), ambient
O; with X. perforans inoculation (Inoc), elevated O; with no inoculation (€0O3), and elevated O3
with X. perforans inoculation (Inoc + €0Os) (Supplemental Figure 1). OTCs containing inoculated
plants were placed inside the first 6 chambers, to decrease the risk of cross contamination
amongst OTCs not containing the pathogen. Across the field season, ambient O3 chambers
averaged 30.6 ppb of O3, and elevated O; chambers averaged 90.3 ppb of O; (for additional
information see Bhandari et al. 2023). O5 levels in elevated OTCs were set to represent double
the concentration of ambient O3, to reflect regions in the United States where ambient Os
concentrations regularly exceed levels that are damaging to major crops (Dentener et al., 2006,

Heagle, 1989).

Midday Gas Exchange Measurements
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Gas exchange parameters were measured using three LI-6800 Portable Photosynthesis System
(LICOR biosciences. Lincoln, Nebraska, USA). The chamber light, temperature, and humidity
were set to match the conditions outside of the chamber at the start of the measurements.
Measurements were taken on a newly developed, fully expanded leaf, often found at the 3rd
node from the top. Midday photosynthesis measurements were taken starting at 11am and were
taken for 2 plants of each cultivar per chamber totaling 48 measured plants. These measurements
were taken in June (57 days post-inoculation), to compare photosynthetic impacts of X.

perforans in the upper canopy compared to the middle canopy.

Diurnal Gas Exchange Measurements

Diurnal gas exchange measurements were taken every 3 hours at the following times: 8am,
I1am, 2pm, and Spm. Measurements were taken with the LI-6800 on the most recently fully
expanded leaf. Prior to each measurement, environmental temperature, humidity, and light
intensity were all evaluated, and the settings for each parameter were set on the LI-6800 to match
that of the environment. Carbon dioxide (CO,) concentrations were set at 410 ppm. These
diurnal measurements were only taken at the midseason in June (57 days post-inoculation). Total
diurnal photosynthetic rate (4’) and stomatal conductance (g,’) were estimated by calculating the
area under the curve created by plotting the measured values over the times during the day these
measurements were taken. These integrations were calculated according to methods described in

Soba et al., (2020).

Photosynthetic Response Curves
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Curves representing the photosynthetic (4) response to internal CO, concentration (Ci) were
generated using the LI-6800 in June (57 days post-inoculation). This was done using an
automatic program that adjusts CO; levels (410, 310, 260, 160, 110, 50, 410, 610, 810, 1110,
1310, 1510 umol mol-! CO,) while maintaining light intensity (1750 umolm2s'), temperature
(28.0°C) and VPD (1.1 kPa) at constant conditions. Measurements were taken on a newly
developed, fully expanded leaf, often found at the 3rd node from the top. With the A/C; curves,
we calculated the maximum rates of electron transport (J,,,,) and carboxylation (V. ,...) with the
method developed by Sharkey et al. (2007). J,0x and V.. .o, Were then normalized at 25°C as
Khan et al. (2021) demonstrated that leaf temperatures between 20-35°C did not alter the

measurement of these photosynthetic parameters.

Ball-Woodrow-Berry Model Parameterization

To understand stomatal sensitivity to each treatment, a Ball-Woodrow-Berry Model (BWB)
parameterization was conducted. This was completed by measuring the response of 4 to various
CO; concentrations, vapor pressure deficit (VPD) and light levels using the LI-6800 (LICOR
biosciences. Lincoln, Nebraska, USA) in June (57 days post-inoculation). The 4 and CO, curves
were measured as described above while maintaining VPD and light constant at about 1.1
kilopascals (kPa) and 1750 umol*m2*s"!, respectively. Levels of VPD used were 1, 1.5, 2, 2.5,
3, 3.5 kPa while maintaining CO, at 410 umol mol-! and light intensity at 1750 umol s! m
PAR. Levels of light intensity used were 1750, 1500, 1000, 700, 400, 200, 100, 75, 50 umol s!
m~2 PAR while maintaining the CO, level at 410 umol mol! CO,,VPD at 1.1 kPa, and

temperature at 28°C. Measurements were taken on a newly developed, fully expanded leaf, often
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found at the 3rd node from the top. Data points used from these experiments were plotted to a

linear equation described in Ball e al. (1987). The linear equation is as follows:

h
gS =4do +mA[C—OSZ]
where g, is stomatal conductance, g, represents residual stomatal conductance, 4 is

photosynthetic rate, 4, is humidity on the leaf surface, [CO;] is the concentration of CO,, and m

represents the empirical slope constant.

Measurement of Chlorophyll Content

Chlorophyll content was measured using a portable chlorophyll meter (SPAD-502 Plus, Konica
Minolta Sensing Inc, Osaka, Japan). These measurements took place on the same day of the
midseason diurnal measurements in June (57 days post-inoculation). The data collected from
each plant is a representation of 5 chlorophyll measurements averaged for one leaf from the
upper canopy and 5 chlorophyll measurements averaged for one leaf from the middle canopy.

Two plants from each cultivar were measured per OTC.

Measurement of Total Antioxidant Capacity

Measurement of total antioxidant capacity in leaves was done using the oxygen radical
absorbance capacity (ORAC) assay as described in Gillespie et al. (2007). Approximately 6
leaves per cultivar in each chamber were collected in June (57 days post-inoculation) from the
upper canopy, and immediately frozen in liquid nitrogen. Approximately 20 mg of ground frozen
leaf tissue per sample was submerged in a 50% acetone solution, and centrifuged at 4,500g for

15 minutes at 4 °C. Following centrifugation, the supernatant was removed and diluted 1:40 to fit

within our standard curve. The standard used in this assay was Trolox (C;4H;304), which is a
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water-soluble form of the antioxidant Vitamin E. Fluorescein was used as the fluorescent tracer
to detect the quenching of antioxidants and monopotassium phosphate (KH,PO,) buffer was used
as a blank. The assay was conducted within a Cytation 3 imaging reader (Biotek, Winooski,
Vermont, USA) absorbance microplate reader using the excitation filter of 485 nm, and the
emission filter to 520 nm. The 96-well plate was incubated first at 37 °C for 10 minutes.
Immediately following this incubation, 2,2’-azobis-2-methyl-propanimidamide, dihydrochloride
(AAPH) was added to initialize the oxygen radical formation. Following addition of AAPH
quenching of the oxygen radicals was measured using the microplate reader. Total antioxidant

capacity was measured as nmol Trolox Equivalents (TE) per mg fresh weight.

Biomass and Fruit Harvest

Ripened fruits were collected starting at the midseason timepoint in June, and collected each
month through the final harvest at the end of the growing season for all plants (6 plants of each
cultivar from every OTC). Aboveground biomass, including all stems and leaves, were collected
at the final harvest in August, 15 weeks after inoculation. Both ripened fruits and aboveground
biomass were dried out at 60°C for approximately 10 days to obtain dry weight data. Fruit and
aboveground biomass dry weights were represented as total grams (g) individually by chamber,
and then data were pooled to represent the four treatment groups. Images of visible foliar damage

at the same time of gas exchange measurements have been included in Supplemental Figure 2.

Statistical Analysis of Physiology
Data collected from all physiological measurements are represented by n= 3, with each

biological replicate represented by an average of two measurements per chamber. Overall
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1

2

2 556  significance of treatment conditions was calculated using two-way interaction Analysis of

5 . .

6 557  Variance (ANOVA) tests. These ANOVA tests were run separately for each cultivar and used O3
7

8 558 level and inoculation status as the fixed effects with chamber (block) as a random effect.

9

10 559  Pairwise comparisons across treatment groups were done using Tukey Honest Significant

560  Differences tests, for each cultivar separately. Levene’s Test was used to check homogeneity of
15 561  variance and the Shapiro-Wilk normality test was used to test the for any violations in normality
17 562  of the data. All statistics were carried out in RStudio (R Version 4.1.1 — “Kick Things”).
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Legend for Supporting Information

Supplemental Figure 1: Atmospheric Deposition Site located in Auburn, AL. Open top
chambers (OTCs) with elevated O; are indicated by blue circles, and ambient O; OTCs are
indicated by white circles. OTCs 1-6 were inoculated with Xanthomonas perforans, and

chambers 7-12 were not inoculated. The inset image is of OTCs used in the study.

Supplemental Figure 2: Image of plants grown in each treatment for the disease-resistant and

disease-susceptible cultivar.

Supplemental Table 1. ANOVA tests for fixed effects diurnal stomatal conductance (g; ")

presented in this study.

Supplemental Table 2. ANOVA tests for fixed effects for diurnal photosynthetic rate (4”)

presented in this study.

Supplemental Table 3A. ANOVA tests for fixed effects for upper canopy midday stomatal

conductance (g;) and photosynthetic rate (4) presented in this study.

Supplemental Table 3B. ANOVA tests for fixed effects for middle canopy midday stomatal

conductance (g;) and photosynthetic rate (4) presented in this study.

Supplemental Table 4. ANOVA tests for fixed effects for maximum rate of carboxylation

(Vemax) presented in this study.
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Supplemental Table 5. ANOVA tests for fixed effects for maximum rate of electron transport

(Jmax) presented in this study.

Supplemental Table 6. ANOVA tests for fixed effects for midday SPAD measurements

presented in this study.

Supplemental Table 8. ANOVA tests for fixed effects for Ball-Woodrow-Berry slope constant

(m) presented in this study.

Supplemental Table 9. ANOVA tests for fixed effects for oxygen radical absorbance capacity

(ORAC) presented in this study.

Supplemental Table 10. ANOVA tests for fixed effects for aboveground biomass presented in

this study.

Supplemental Table 11. ANOVA tests for fixed effects for pepper fruit dry weight presented in

this study.
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Figure Legends

Figure 1: Midseason integrated diurnal [A] stomatal conductance rate (g’) and [B]
photosynthetic rate (A’) measured in the disease-resistant and the disease-susceptible cultivars.
The box plot represents the average of measured plants across three OTCs (n = 3). Significance
denoted is between treatments within a given cultivar (not across cultivars), where different
letters represent significant differences (Tukey post-hoc test p < 0.05). Results of main effect
statistics per cultivar are placed in the upper corners (Two-way ANOVA, p <0.05). Brackets
represent significance (p < 0.05) of main effects across treatment groups from the two-way

ANOVA and are provided for clarity. NS represents no significance.

Figure 2: Midseason midday stomatal conductance (g;) [A] and photosynthetic rate (4) [B] in
the upper canopy, and midday stomatal conductance (g;) [C] and photosynthetic rate (4) [D] in
the middle canopy. The box plot represents the average of measured plants across three OTCs (n
= 3). Significance denoted is between treatments within a given cultivar (not across cultivars),
where different letters represent significant differences (Tukey post-hoc test p < 0.05). Results of
main effect statistics per cultivar are placed in the upper corners (Two-way ANOVA, p <0.05).
Brackets represent significance (p < 0.05) of main effects across treatment groups from the two-

way ANOVA and are provided for clarity. NS represents no significance.

Figure 3: Maximum rate of carboxylation (V. .., umol CO, ms!) [A] and electron transport
(max> umol electrons m2s™") [B] measured in the disease-resistant and the disease-susceptible

cultivars in June (57 days post-inoculation). The box plot represents the average of measured

plants across three OTCs (n = 3). Significance denoted is between treatments within a given
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cultivar (not across cultivars), where different letters represent significant differences (Tukey
post-hoc test p < 0.05). Results of main effect statistics per cultivar are placed in the upper
corners (Two-way ANOVA, p < 0.05). Brackets represent significance (p < 0.05) of main effects
across treatment groups from the two-way ANOVA and are provided for clarity. NS represents

no significance.

Figure 4: Chlorophyll content (SPAD units) in the upper canopy [A] and middle canopy [B].
The box plot represents the average of measured plants across three OTCs (n = 3). Significance
denoted is between treatments within a given cultivar (not across cultivars), where different
letters represent significant differences (Tukey post-hoc test p < 0.05). Results of main effect
statistics per cultivar are placed in the upper corners (Two-way ANOVA, p <0.05). NS

represents no significance.

Figure 5: Ball-Woodrow-Berry Parameterization for the disease-resistant and the disease-
susceptible cultivars at the midseason timepoint, plotting [A] the residual stomatal conductance
(go) and [B] the slope constant (). The box plot represents the average of measured plants
across three OTCs (n = 3). Significance denoted is between treatments within a given cultivar
(not across cultivars), where different letters represent significant differences (Tukey post-hoc
test p < 0.05). Results of main effect statistics per cultivar are placed in the upper corners (Two-

way ANOVA, p < 0.05). NS represents no significance.

Figure 6: Leaf oxygen radical antioxidant capacity (ORAC) measurements, representing total

antioxidant capacity (nmol TE mg FW-!) in the disease-resistant and the disease-susceptible
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cultivars. The box plot represents the average of measured plants across three OTCs (n = 3).
Significance denoted is between treatments within a given cultivar (not across cultivars), where
different letters represent significant differences (Tukey post-hoc test p < 0.05). Results of main
effect statistics per cultivar are placed in the upper corners (Two-way ANOVA, p <0.05). NS

represents no significance.

Figure 7: [A] Aboveground biomass (g Plant!) and [B] average fruit weight per pepper (g), for
the disease-resistant and the disease-susceptible cultivars. All values represent dry weight. The
box plot represents the average of measured plants across three OTCs (n = 3). Significance
denoted is between treatments within a given cultivar (not across cultivars), where different
letters represent significant differences (Tukey post-hoc test p < 0.05). Results of main effect
statistics per cultivar are placed in the upper corners (Two-way ANOVA, p <0.05). NS

represents no significance.
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