Highlights:

e Acute ozone exposure only little effected physiological parameters of date palms.
e Anti-oxidants and turgor balance cooperatively mediate ozone tolerance.
e Local and systemic changes in metabolites contribute to the ozone tolerance.

e Root metabolism was impacted by ozone due to altered shoot - root interactions.
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Abstract:

Vegetation in the Arabian Peninsula is facing high and steadily rising tropospheric ozone pollution.
However, little is known about the impacts of elevated ozone on date palms, one of the most important
indigenous economic species. To elucidate the physiological responses of date palm to peak levels of
acute ozone exposure, seedlings were fumigated with 200 ppb ozone for 8 h. Net CO, assimilation
rate, stomatal conduction, total carbon, its isotope signature and total sugar contents in leaves and
roots were not significantly affected by the treatment and visible symptoms of foliar damage were
not induced. Ozone exposure did not affect hydrogen peroxide and thiol contents but diminished the
activities of glutathione reductase and dehydroascorbate reductase, stimulated the oxidation of
ascorbate, and resulted in elevated total ascorbate contents. Total nitrogen, soluble protein and lignin
contents remained unchanged upon ozone exposure, but the abundance of low molecular weight
nitrogen (LMWN) compounds such as amino acids and nitrate as well as other anions were strongly
diminished in leaves and roots. Other nitrogen pools did not benefit from the decline of LMWN,
indicating reduced uptake and/or enhanced release of these compounds into the soil as a systemic
response to aboveground ozone exposure. Several phenolic compounds, concurrent with fatty acids
and stearyl alcohol, accumulated in leaves, but declined in roots, whereas total phenol contents
significantly increased in the roots. Together these results indicate that local and systemic changes in
both, primary and secondary metabolism contribute to the high tolerance of date palms to short-term

acute ozone exposure.

Key words: sugars, reactive oxygen species, glutathione, ascorbate, nitrate, nitrogen partitioning,

anti-oxidative system, secondary metabolites.
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Capsule:
Date palms can grow and develop in an environment with high acute atmospheric ozone levels
due to its tolerance to this air pollutant mediated by adaptations of both, primary and secondary

metabolisms, as well as whole plant shoot-root interactions.
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1. Introduction

Ozone (O3) 1s not only an important greenhouse gas that contributes to climate change, but also a
most damaging air pollutant to plants and ecosystems (Sandermann, 1996). Markedly rising
tropospheric ozone concentrations have been documented both, in the industrialized parts of the world
and in developing countries, at a rate of 1-5 ppb per decade; in the northern hemisphere, ground-level
ozone concentrations doubled since 1950 (Cooper et al., 2014; Hartmann et al., 2013). The mean
global tropospheric ozone levels are projected to further increase up to 80 ppb by 2100, with uncertain
consequences for global forests (Moura et al., 2018; Paoletti et al., 2014).

Numerous deleterious physiological effects of ozone on plants have been observed, e.g., visible
leaf injury, altered primary and secondary metabolisms, impaired hydraulic status, reductions in
photosynthesis, and accelerated leaf senescence ((Dizengremel, 2001; Fares et al., 2013; Wittig et al.,
2007). Thus, elevated levels of ozone will reduce the productivity and performances of economically
important plants in both, agricultural and forest systems (Basahi et al., 2016).

Ozone is formed in the troposphere through a series of complex photochemical reactions from its
precursors nitrogen oxides (NOy), carbon monoxide (CO), methane (CHy), and volatile organic
compounds (VOCs) in the presence of sunlight. Since high temperature favors the production of
ozone, the Middle East and particularly the Arabian Gulf region with high temperature, intense solar
radiation, and clear sky, provide highly favorable conditions for ozone formation in summer
(Radaideh, 2016; Smoydzin et al., 2012). Elevated ozone precursor emissions as well as increased
levels of ozone have been documented over the entire Middle East (Smoydzin et al., 2012, and
references therein), also as a consequence of accelerated urban development and growing
industrialization (Radaideh, 2016). In addition to the significant ozone production from local
pollution, there is also evidence that long distance transport of ozone precursors contributes to the

4
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high level of ozone in the Middle East (Lelieveld et al., 2009). Air pollution and VOC emissions
stimulate photo-oxidative processes in the troposphere of Western Europe and cause long distance
transport of air pollutants generated in Western Europe to the Arabian Peninsula as well ozone
production during this long-distance transport (Lelieveld et al., 2009; Reid et al., 2008). Consequently,
vegetation on the Arabian Peninsula is subjected to high tropospheric ozone pollution from both
regional and distant sources (Basahi et al., 2016). However, consequences of ozone pollution for
growth and development of the vegetation on the Arabian Peninsula are largely unknown.

At the Arabian Peninsula, ozone pollution is of high significance for the date palm (Phoenix
dactylifera L.), which is one of the most important indigenous food sources. From 1990 to 2011, total
number and total area of date palm trees in Saudi Arabia have increased from 13 million to 25 million
trees, and from 55,000 ha to 170,000 ha, respectively (Al-Redhaiman, 2014). Currently, almost one-
third of the cultivated land of Saudi Arabia is planted with date palms, and the Kingdom is ranked as
the second largest date producer in the world next to Egypt (Aleid et al., 2015). Therefore, there is a
high interest to explore the physiological responses of date palms to ozone exposure.

The present study was aimed to characterize the physiological consequences of short-term
exposure of young date palms to high but realistic ozone gas mixing ratios. Young date palms were
chosen because they are assumed to be ozone sensitive as previously observed for other juvenile tree
species (Nunn et al., 2005). It was hypothesized that ozone exposure 1) mediates a decline in stomatal
conductance and photosynthesis; 2) leads to an accumulation of reactive oxygen species not prevented

by the anti-oxidative system; and 3) results in changes of primary and secondary metabolic pathways.

2. Material and methods

2.1. Plant material and growth conditions
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Seedlings of Phoenix dactylifera, cv Nabut Saif were purchased from a commercial nursery (Date
Palm Developments Ltd., Sommerset, U.K.). They were directly planted in 5 L pots filled with 70%
quartz gravel (3-5 mm diameter, Quarzwerke GmbH, Frechen, Germany) and covered by 3-5 cm soil
substrate (Floragard Vertriebs-GmbH, Oldenburg, Germany). Seedlings were grown in walk-in
phytotrons (area: 9.5 m?), each containing four plexiglas subchambers (volume: 0.9 m? each) (Vanzo
et al., 2015), at the Research Unit Environmental Simulation (EUS), Helmholtz Zentrum Miinchen
(Neuherberg, Germany) at ambient CO, from 6™ June to 27% July 2016. The initial conditions were
30 °C (12/12 h, day/night), 50% relative humidity, and then changed to experimental conditions
(12/12 h day/night regime: th 5% / 30%, temperature 40/20 °C, soil temperature 15 °C) within 3 days.
After 3 weeks of acclimation, ozone fumigation was conducted as previously described (Kozovits et
al., 2005; Strohm et al., 1999). For this purpose, a subset of plants was fumigated in sub-chambers
with 200 ppb ozone from 10:00 to 18:00, while plants grown in other sub-chambers without ozone
fumigation served as controls. Leaf and root samples of 6 individual plants from both, ozone
treatments and controls were harvested after 1 h, 2 h, 4 h and 8 h of fumigation, respectively (Fig. 1).
Harvested plant material was immediately homogenized in liquid nitrogen and stored at -80 °C until
analyses.

Leaf gas exchange was determined (Figs. 1 and S1) by a portable gas exchange measuring system
(GFS 3000, Walz GmbH, Effeltrich, Germany). For this purpose, fully expanded date palm leaves
were placed into the 8 cm? cuvette of the system at a flow rate of 700 umol s! 400 ppm CO, and
absolute water vapor of 8000 ppm. Light intensities inside the cuvette were set to a photosynthetic
photon flux density (PPFD) of 1000 umol m s-!. The leaf temperature was kept at 40 °C during the

measurements. Photosynthesis (A), stomatal conductance (G) and intercellular CO, concentrations
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(C1) were manually recorded after CO, assimilation had stabilized. Intrinsic instantaneous water use

efficiency was calculated as the ratio of A/G.

2.2. Determination of anti-oxidants, glutathione reductase (GR) and dehydroascorbate reductase

(DHAR) activities, and hydrogen peroxide

The thiol anti-oxidant glutathione (GSH) and its metabolic precursors cysteine and vy-
glutamylcysteine, as well as ascorbate were determined in plant material as previously described by
Schupp and Rennenberg (1988) as modified by Samuilov et al. (2016). In vitro GR and DHAR
activities of leaf and root material were determined as described previously (Arab et al., 2016).
Hydrogen peroxide (H,0O,) contents of leaf and root samples were determined as described by

Velikova et al. (2000) (see Supplementary Text).

2.3. Determination of total sugar, soluble protein, lignin contents and phenolic compounds

To determine soluble sugar contents, 50 mg powdered frozen leaf and root samples were extracted
with 1.5 mL of milliQ water at 95 °C for 5 min. After centrifugation, 200 pL of 10 times diluted
supernatants were mixed with 1 mL anthrone reagent (50 mg anthrone and 1 g thiourea in 100 mL 70%
H,S0O,). The reaction solutions were boiled for 15 min and the absorbance measured at 578 nm
(Carroll et al., 1956) after cooling down. Sucrose at 2 mmol was used as a standard.

Total soluble protein was quantified as previously described in Du et al. (2014). Lignin was
extracted and determined as described by Moreira-Vilar et al. (2014) with some minor changes (see

Supplementary Text).
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Total phenolic compounds in plant samples were extracted with 50% acetone (Xu and Chang,
2007) and quantified by the Folin-Denis method using gallic acid as standard (see Supplementary

Text).

2.4. Determination of ions and elements

The anions nitrate (NOs-), phosphate (PO4*") and sulphate (SO4*) were determined in aqueous
extracts from homogenized frozen material by automated anion chromatography as described
previously (Peuke and Rennenberg, 2004). Element concentrations were determined following acid
digestion using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) as described by White et

al. (2012) (see Supplementary Text).

2.5. Extraction and determination of water soluble metabolites

Relative abundances of water soluble low-molecular-weight metabolites in leaves and roots were
analyzed by Gas chromatography-mass spectrometry (GC-MS). For this purpose, metabolites were
extracted, derivatized and separated by a method modified from Kreuzwieser et al. (2009) (see
Supplementary Text). Identification of compounds was based on matching with the Golm

Metabolome Database ( Hummel et al., 2010), compounds with match factor < 60 were excluded.

2.6. Determination of leaf and roots hydration
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Leaf and root hydration (g H,O g -! dw) was determined as (fw - dw) dw™!, where fw is the fresh

mass, and dw is the dry mass after drying the samples in an oven at 60 °C for 48 h (Arab et al., 2016)

2.7. Statistical analysis

Statistical analysis was performed with four (gas exchange data) or six (biochemical parameters)
biological replicates for both controls and ozone exposure across different fumigation time.
Significant differences (P < 0.05) between ozone exposed plants and controls within the same time
and tissues, and differences between leaves and roots of either ozone exposed plants or controls after
8 h fumigation, were examined by t tests. Data were first tested by the Shapiro-Wilk tests for normal
distribution. If required, raw data were transformed to denary logarithms to satisfy the assumptions
of normality. When data transformation did not fulfill the requirements of normal distribution, the
Mann-Whitney Rank Sum Test was employed. As little diurnal variations were observed (data not
shown), gas exchange parameters measured after 1 h, 4 h and 7 h and foliar contents of thiols,
ascorbate, anions and ions measured after 1 h, 2 h, 4 h and 8 h were pooled separately for controls
and ozone exposure.

SigmaPlot 11.0 (Systat Software GmbH, Erkrath, Germany) was employed for statistical
analysis and generation of figures. Fold change of different parameters was calculated as log; (ozone
exposure / control); color gradients for different values were obtained by the functions of Conditional

formatting in Microsoft Excel 2013 (Microsoft Corporation, Redmond, WA, USA).
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3. Results

3.1. Short-term exposure to acute ozone did not damage the leaves and did not affect their CO,/H,O

gas exchange

Visible symptoms of injury such as de-coloration, dehydration or necrosis, typical for acute ozone
exposure, were not observed on the leaf surfaces as well the on leafstalks of date palm seedlings. Also
leaf gas exchange parameters were not impacted by the 8 h ozone exposure (Fig. S1). On average,
net CO, assimilation rates slightly declined from 4.99 umol m? s! of control plants to 3.92 pmol m-
2 57! of ozone exposed plants (P =0.311) (Fig. S1 A), and stomata conductance varied between 57.18
mmol m? s! and 39.29 mmol m~ s, respectively (Fig. S1 B). However, these changes were not
statistically significant (P > 0.05). Also total carbon (C) content, instantaneous intrinsic water use
efficiency 1IWUE, Fig. S1 C) and the ratio between intracellular and ambient CO, concentration
(Ci/Ca, Fig. S1 D), as well as leaf and root hydration and 8'3C signature (Table S1) were not affected
by the ozone treatment. Further, total soluble sugar contents and sugar transport were not significantly
impacted by 8 h ozone exposure (Fig. 2 A), consistent with largely conserved abundances of
individual sugars, sugar alcohols and sugar acids (Fig. 3). After 8 h ozone fumigation, still fumaric

acid and ribonic acid significantly accumulated in the leaves (Fig. 3).

3.2. Acute ozone exposure affected the anti-oxidative system at the level of ascorbate and anti-

oxidative enzymes in leaves, but not in roots

The short-term ozone treatment did not affect hydrogen peroxide contents in leaves and roots
(Table S1). Consistent with this observation, total and oxidized glutathione contents as well as the
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contents of its metabolic precursors cysteine and y-glutamylcysteine were not significantly impacted
by the ozone exposure, both in leaves and in roots (Fig. 4 A-D). However, total ascorbate contents
were generally enhanced in ozone exposed plants, particularly after 8 h fumigation (Fig. 4 E). In
addition, reduced ascorbate contents significantly increased in roots after 8 h ozone fumigation (Fig.
4 F). Dehydroascorbate contents in leaves were significantly increased after 1 h ozone fumigation
and, consequently, the ratio between reduced and oxidised ascorbate declined (Fig. 4 G and H).
Compared to not fumigated control plants, glutathione reductase (GR) activity in leaves
significantly (P = 0.014) decreased already after 1 h of ozone fumigation, (Fig. 5 A). Also,
dehydroascorbate reductase (DHAR) activity in leaves declined significantly after 2 h (P = 0.033)
and 8 h (P = 0.045) of ozone treatments (Fig. 5 B). No significant impact of ozone treatment on GR

and DHAR activities were found in the roots after 8 h fumigation (Fig. 5).

3.3. Ozone exposure strongly diminished low molecular weight nitrogen metabolite and anion

contents

Although contents of total nitrogen (N), soluble protein and lignin as well as 6'°N signatures in
leaves and roots were not significantly changed by ozone exposure, low molecular weight nitrogen
compounds (LMWN) declined in ozone fumigated plants; particularly the amino acid proline
significantly decreased in the leaves (Fig. 3). Slight increases in leaves, but decreases in roots, were
observed for the amino acids glutamic acid, y-aminobutyric acid (GABA), uracil, ethanolamine and
leucine (Fig. 3).

Ozone treatment immediately reduced the contents of the anions NOs-, PO43- and SO, in leaves

and roots and this decrease was maintained for the entire time of fumigation. It was particularly
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pronounced for NOj3- in both, leaves and roots. In addition, significant effects of the ozone treatment
were observed for Cl and Mn contents. Compared to control plants, CI contents in leaves declined
already after 1 h fumigation, but increased significantly in roots after 8 h fumigation. Mn contents in

leaves decreased significantly as an average of the 8 h ozone treatment (Table S2).

3.4. Ozone exposure modified the contents of phenolic compounds and fatty acids in leaves and roots

After 8 h ozone exposure, abundances of catechin, trans-4-caffeoylquinic acid and particularly 4-
hydroxy-benzoic acid were up-regulated in both leaves and roots, while abundances of taxifolin,
guaiacylglycerol, trans-sinapyl alcohol and cis-sinapic acid strongly increased in leaves, but
decreased in roots (Fig. 3). No significant effects of ozone exposure on total phenolic compounds
were observed in leaves, but a significantly accumulation in roots, after 8 h fumigation (Fig. 2 C).
Ozone fumigation also resulted in enhanced foliar abundance of fatty acids and stearyl alcohol,

particularly palmitic acid and stearic acid, but reduced the abundance of these metabolites in roots

(Fig. 3).

3.5. Carbon and total sugar partitioning between leaves and roots and its responses to short-term

acute ozone exposure

Total C and total soluble sugar contents did not significantly differ between leaves and roots (Fig.
2 A, Table S1), but individual sugars, i.e., the monosaccharide glucose and galactose, the
disaccharides D-cellobiose, D-a, o’-trehalose, sophorose and gentiobiose were more abundant in

leaves, whereas fructose, lyxose, sucrose, and the trisaccharides raffinose and 6-kestose levels were
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higher in roots. Sugar acids except galactonic acid, sugar alcohols, and fatty alcohols were also more
abundant in leaves than in roots. Contents of organic acids involved in the tricarboxylic acid (TCA)
cycle as well as glycerol-3-P, mannose-6-P and shikimic acid were higher in roots than leaves (Fig.
3). Leaves had a more negative 8!3C signature and lower C/N ratio, as well as lower water content
compared to the roots (Table S1). Levels of H,O, and ascorbate were higher in leaves than roots,
while no clear differences in thiol contents between leaves and roots were observed, except for
cysteine which was higher in roots than in leaves (Fig. 4, Table S1). In contrast to the unsaturated
fatty acid oleic acid, saturated fatty acids were more enriched in roots. (Fig. 3). Leaves had
significantly (P < 0.001) higher contents of total N, soluble protein, but lower lignin contents
compared to roots (Fig. 2, Table S1). Individual amino acids were more abundant in roots than in
leaves except for proline (Fig. 3). Contents of PO,*, total P, Ca and Mn were significantly higher in
leaves than roots, while NO5;~ and Na were more abundant in roots (Table S2). Total phenolic
compounds were much higher in leaves than in roots (P < 0.001), especially for catechin and
guaiacylglycerol (Figs. 4 C and 5),

These partitioning patterns between leaves and roots were largely not affected by ozone fumigation
except for ribonic acid, trans-sinapyl alcohol, cis-sinapic acid, which were accumulated in favor of
leaves, whereas carbodiimine was accumulated in favor of roots (Fig. 3). Ozone exposure aggravated
the differences between leaves and roots in the abundance of sucrose, D- a, a’-trehalose, malic acid,
ribonic acid, the amino acids of aspartate family (i.e., aspartic acid, asparagine and threonine), serine,

glycine, as well as tryptophan and pyroglutamic acid (Fig. 3), and the DHA contents (Fig. 4 G).
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4. Discussion

4.1. Ozone effects on leaves

Most broad-leaved tree species use stomatal control as a “first line of defense’ to restrict the ozone
flux into leaves (Wittig et al., 2007; Vainonen and Kangasjérvi, 2015). In the present study with date
palm seedlings, neither significant effects on net CO, assimilation and stomatal conductance, nor
visible leaf injury, i.e., bleaching, flecking and stippling, commonly reported in broad-leaved plants
(Iriti and Faoro, 2009), were observed upon short-term exposure to acute ozone levels. Thus, the first
hypothesis of this study (see: Introduction) has to be rejected. The obviously high tolerance of net
CO, assimilation and stomatal conductance in P. dactylifera to acute ozone exposure is shared with
other tree species that developed traits of water saving strategies, such as Picea, Pinus or Quercus
species (Fares et al., 2013; Wittig et al., 2007). In addition, the present results are consistent with a
previous study on date palm seedlings, showing that neither heat nor moderate water-shortage had a
significant effect on stomatal conductance (Arab et al., 2016).

Ozone that has entered the apoplastic space of the leaf is immediately degraded to secondary
reactive oxygen species (ROS), including hydrogen peroxide (H,O,), superoxide and hydroxyl
radicals (Vainonen and Kangasjirvi, 2015). However, in the present experiments foliar H,O, levels
of date palm leaves were kept constant during ozone exposure, as also observed in a heat and moderate
drought treatment (Arab et al., 2016). Therefore, also hypothesis 2 of the present study (see:
Introduction) has to be rejected. Since ROS levels in plant tissues constitute a balance between
production and scavenging, unchanged foliar H,O, levels at enhanced production should be a
consequence of increased scavenging (Ahmed et al., 2015; Conklin and Barth, 2004). The conversion

of ozone with ascorbate in the apoplastic space is considered the initial reaction of ozone scavenging
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and secondary ROS production that is thought to determine ozone sensitivity of the leaves (Conklin
and Barth, 2004). Thus, elevating the level of apoplastic ascorbate and/or its enhanced recycling in
the Foyer-Halliwell-Asada cycle is supposed to be a more efficient protection against oxidative
damage than reducing stomatal conductance that will impair photosynthetic CO, fixation (Chen and
Gallie, 2005). In the present experiments, total ascorbate and DHA levels increased upon ozone
exposure, whereas reduced ascorbate was kept constant (Fig. 4 E-G), indicating enhanced ROS
scavenging as also observed in Sedum album leaves (Castillo and Greppin, 1988). On the other hand,
diminished in vitro GR and DHAR activities at enhanced DHA levels suggest reduced ascorbate
regeneration capacity by the Foyer-Halliwell-Asada cycle in date palm leaves upon ozone exposure.
At the same time, increased threonic acid and threonic acid-1,4-lactone levels (Fig. 3) indicate
enhanced DHA turnover (Simpson and Ortwerth, 2000) and increased levels of galactose, gluconic
acid-1,4-lactone, myo-inositol and galactonic acid (Fig. 3) imply enhanced ascorbate synthesis
(Dumont et al., 2014; Linster and Clarke, 2008). Thus, extention of ascorbate recycling in the Foyer-
Halliwell-Asada cycle by enhanced ascorbate synthesis and turnover may have contributed to the
high tolerance to acute ozone levels of date palm leaves. This conclusion is consistent with the
assumption of Dizengremel et al. (2008) that elevated apoplastic ascorbate levels alone may not be
sufficient to explain ozone tolerance. To test this conclusion, metabolite flux analyses should be
included in future ozone exposure experiments.

Despite enhanced ROS scavenging in the apoplastic space, primary metabolic pathways are
supposed to be affected by acute ozone exposure, in particular glycolysis, the TCA cycle and the
pentose phosphate pathway, to meet the enhanced requirement for NADPH in ozone defense
reactions (Dizengremel, 2001). This view is supported by the present results showing enhanced levels

of intermediates of these pathways (Fig. 3) and, therefore, is in favor of hypothesis 3 of this study
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(see: Introduction). However, foliar amino acid contents of date palm seedling were diminished by
acute ozone exposure (Fig. 3), as previously observed in experiments with other species (Dumont et
al., 2014; Kainulainen et al., 1993). In date palm leaves, this decrease was not sufficient to cause
significantly reduced total N contents and cannot be attributed to an enhanced use of N in protein or
lignin biosynthesis (Fig. 2, Table S1). It may rather be an indication of reduced N assimilation as a
consequence of reduced foliar availability of NO;- (Table S2). In contrast to other abiotic stresses
(i.e., salt, drought, cold, heat, and abscisic acid) that mediated elevated foliar proline levels in date
palm seedlings (Yaish, 2015), proline was significantly decreased in ozone exposed date palm leaves,
thereby contributing to a reduced foliar LMWN content (Fig. 3). Apparently, foliar proline contents
did not contribute to the high tolerance of date palm leaves to acute ozone exposure.

In addition to NOs-, also other anions were strongly diminished in ozone exposed date palm leaves,
whereas cation contents were largely unaffected. Such a decline in anion contents has so far not been
reported, but may be required to balance the consumption of protons in ozone detoxification reactions
and, thus, may constitute means to enhance ozone tolerance (Vainonen and Kangasjérvi, 2015). In
this context, CI- may be of particular significance, because most of its functions are related to
electrical charge and turgor balance (Hansch and Mendel, 2009). In addition, enhanced amounts of
NOs™ have been reported to increase the sensitivity of soybeans plants to ozone (Smith et al., 1990).
Therefore, also the present decline of foliar NO3- contents may have contributed to the high tolerance
of date palm seedlings to elevated ozone.

Many studies have suggested close similarities between ozone- and pathogen-induced defense
responses in plants (Conklin and Barth, 2004; Iriti and Faoro, 2009). This is of particular significance
for the secondary metabolism that is not only involved in plant defense reactions against herbivores

and pathogens, but also in the response to a wide range of abiotic stresses (Ahmed et al., 2015; Witzell
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and Martin, 2008). It has been hypothesized that any stress that suppresses growth more than
photosynthesis, leads to an accumulation of secondary compounds, such as phenolics and isoprenoids,
but also of fatty acids that serve as carbon sinks (Niinemets, 2015). Ozone induced accumulation of
phenolic compounds including lignin have been reported in various tree species (Andersen, 2003;
Dizengremel, 2001; Saleem et al., 2001; Strohm et al., 1999). Consistent with hypothesis 3 (see:
Introduction), also in the present study with date palm seedlings, secondary metabolism responded
strongly to acute ozone exposure. This is indicated by the accumulation of individual phenolic
compounds and fatty acids (Fig. 3). However, total foliar phenolic and lignin contents remained
unchanged (Fig. 2 C, D). Similar responses to elevated ozone were reported in leaves of European
silver birch (Betula pendula Roth) with a preferential carbon allocation towards defensive phenolic
compounds such as benzoic acid derivatives (Saleem et al., 2001). These metabolites are not only
able to detoxify ROS (Ahmed et al., 2015; Witzell and Martin, 2008), but also to prevent ROS
generation by metal chelation and, therefore, may even be more efficient anti-oxidants than ascorbate
and a-tocopherol (Soobrattee et al., 2005).

The primary target of ozone damage to the leaves is the plasmalemma, since ozone is a potent
oxidizing agent which reacts strongly with the double bond of unsaturated fatty acids. Therefore,
ozone sensitivity is highly dependent on the composition and content of membrane fatty acids
(Anttonen et al., 1995). In the present study, two saturated membrane fatty acids, i.e., palmitic acid
and stearic acid, were highly abundant in ozone exposed leaves. Similar effects of ozone on palmitic
acid and stearic acid were found in Aleppo pine (Pinus halepensis Mill.) needles (Anttonen et al.,
1995). It can therefore be concluded that ozone mediated changes in the fatty acid composition of
foliar membranes may also have contributed to the high tolerance of date palm leaves to acute ozone

exposure.
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4.2. Ozone effects on roots and shoot-root interactions

Because of its high reactivity, ozone cannot penetrate the soil and also cannot be subjected to long-
distance transport inside the plant. Therefore, responses of the root system to ozone exposure of the
leaves are systemic and cannot be attributed to direct ozone action. In the present study, such systemic
effects of ozone exposure were rare, but included a significant increase of reduced ascorbate in roots
by 24% (Fig. 4 F). Since ascorbate levels in the roots are thought to be determined by shoot-to-root
allocation rather than biosynthesis in the roots (Herschbach et al., 2009), this result indicates enhanced
phloem transport of ascorbate although stimulated ascorbate biosynthesis in the roots cannot be
excluded from the present experiments. This view is consistent with the observation that carbohydrate
allocation from the leaves to the roots is not impaired upon acute ozone exposure of date palm leaves,
as indicated by leaf and root carbohydrate contents (Fig. 2 A). Reduced export of carbohydrate from
source leaves has been reported upon ozone exposure for several plant species (Dizengremel, 2001;
Grantz and Farrar, 2000; Zheng et al., 2000), but was not observed in ozone resistant loblolly pine
(Spence et al., 1990) and wheat (Mortensen and Engvild, 1995). Apparently, also ozone insensitive
phloem transport may have contributed to the high tolerance of date palm seedlings to acute ozone
exposure. Therefore, it is not surprising that general partitioning profiles between shoots and roots
were independent of ozone exposure in date palm seedlings (Figs 4-7, Table S1 and S2). This
partitioning profiles included significantly higher amounts of total N, soluble protein, and phenolic
compounds in the leaves, but lower contents of lignin and most amino acids except for proline (Figs.
4 and 5, Table S1). Similarly, higher lignin contents, but lower amounts of total N and phenolic
compounds in roots than in leaves were reported in several agroforestry species (Vanlauwe et al.,
1996). This partitioning pattern was also observed for individual secondary metabolites, including
the phenolic compounds catechin and guaiacylglycerol, the unsaturated fatty acid oleic acid and fatty

18



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414
415

416
417

418

419

420

421

422

423

alcohols (Fig. 3), as previously observed by Niazwali (2016). Still ozone exposure reversed the
partitioning differences between leaves and roots for individual metabolites, such as ribonic acid, cis-
sinapic acid, trans-sinapyl alcohol and myo-inositol, due to foliar accumulations of these compounds
(Fig. 3), as also reported for other tree species (Andersen, 2003; Dizengremel, 2001; Saleem et al.,
2001).

As observed for the leaves, anion contents of the roots declined upon ozone exposure of the leaves.
This systemic effect cannot be attributed to enhanced allocation to the leaves (Table S2). For nitrate
and sulfate also enhanced assimilation in the roots can be excluded, because protein, thiol, and lignin
contents of the roots were not affected and amino acid contents even declined upon acute ozone
exposure (Figs. 4-6). Therefore, the ozone mediated reduction in anion contents may be attributed to
reduced uptake and/or enhanced exudation into the rhizosphere. Inorganic anion exudation into the
rhizosphere may be necessary to regulate the pH in root cells by electrically counterbalancing the
efflux of protons, or/and to regulate whole plant inorganic anion acquisition under stressful conditions

(Kollist et al., 2011).

5. Conclusions

The present results show that date palm seedlings are highly resistant to acute ozone exposure and
that this high tolerance is a consequence of a whole set of fast acclimation reactions indicating local
and systemic responses. These reactions include strengthening of the anti-oxidative system, electrical
charge and turgor balance by reduced uptake and/or enhanced exudation on anions, as well as changes
in primary metabolites, phenolic compounds and fatty acids. It is suggested that the concerted action
of these processes provide an essential background for the successful growth and development of date

palms in an environment prone to high atmospheric ozone gas mixing ratios (Lelieveld et al., 2009).
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Figures

Fig. 1 Scheme of the experimental design. The acclimation started on 8" June until 27t July, when
the ozone exposure was conducted from 10:00 to 18:00. Gas exchange was measured at 1 h, 4 h and
7 h after ozone exposure respectively, in 4 biological replicates for both control and ozone
fumigated plants. Leaf samples were harvested after 1 h, 2 h, 4 h and both leaf and root samples
were harvested after 8 h ozone fumigation in 6 biological replicates for both control and ozone

fumigated plants for each time point.
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613  Fig. 2 Total sugar (A), soluble protein (B), phenolic compounds (C) and lignin (D) contents of

614  control (grey) and ozone fumigated (dark) plants of date palm. Asterisk indicates significant effect
615  of ozone treatment after 8 h fumigation. Significant differences (P < 0.05) between leaves and roots
616 after 8 h ozone treatment were indicated by different letters, upper and lower case letters are for

617  control and ozone fumigated plants respectively. Data shown are means + standard error (n = 6).
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Fig. 3 Fold change of metabolites in leaves and roots of date palm after 8 h ozone fumigation. Color
scales were generated according to log, transferred ratios between the means of ozone treatment and
control (n = 6). Red color indicates decreased abundance in ozone exposed plants compared to
controls, and blue indicates increased abundance upon ozone fumigation. Significant differences
between ozone treatments and controls were indicated by asterisk (*, ** and *** indicate P < (.05,
0.01 and 0.001 respectively). A ‘na’ means data was not available in both control and treatment
plants due to below the detect limitations, ‘+” means the metabolites only abundant in ozone
fumigated plants, and ‘—" means only abundant in control plants. P: phosphate compounds; IPTG:
isopropyl B-D-1-thiogalactopyranoside; NMH-proline: N-methyl trans-4-hydroxy-L-proline
(2S,4R)-4-hydroxy-1-methyl pyrrolidine-2-carboxylic acid; DHA: dehydroascorbic acid; 1-P-3-H-
S-carboxylate: 1-pyrroline-3-hydroxy-5-carboxylate. Golm Metabolome Database code (MPIMP

ID) of each compound was given in Table S3.
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633  Fig. 4 Thiols and ascorbate contents of control (grey) and ozone fumigated (dark) date palm.

634  Asterisk indicates significant difference between ozone treatment and control plants (*, P <0.05
635 and **, P <0.01). Significant differences between leaves and roots after 8 h ozone exposure were
636  indicated by different letters, upper and lower case letters are for control and ozone fumigated

637  plants respectively. Data shown are means + standard error (n = 6).
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640  Fig. 5 Glutathione reductase (GR) (A) and dehydroascorbate reductase (DHAR) (B) activities of
641  control (grey) and ozone fumigated (dark) date palm. Asterisk indicates significant difference

642  between ozone treatment and control plants (*, P < 0.05). Significant differences between leaves
643  and roots after 8 h ozone treatment were indicated by different letters, upper and lower case letters

644  are for control and ozone fumigated plants respectively. Data shown are means + standard error (n =

645  6).
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Supplementary Material

S1. Analytical methods

1. Determination of anti-oxidants and hydrogen peroxide
For the determination of the thiol anti-oxidant glutathione (GSH) and its metabolic precursors
cysteine and gamma-glutamylcysteine 40 mg frozen leaf or root powder was extracted in 1 ml 0.1

mol HCI containing 100 mg pre-washed polyvinylpolypyrrolidone (PVPP, P6755, Sigma-Aldrich

Chemie GmbH, Steinheim, Germany). An aliquot of 50 ul supernatant was mixed with 25 pl 500
mmol 2-cyclochexylamino-ethanosulphonic acid (CHES) buffer (pH 9.3) and 10 pl 15 mmol
dithiothereitol (DTT). Determination of oxidized glutathione (GSSG) was based on the irreversible
alkylation of the free thiol groups of the GSH present with N-ethylmaleimide (NEM) and the
subsequent reduction of GSSG with DTT). For this propose, 10 uL of 5 mmol NEM were added to a
second aliquot of 50 pL supernatant of leaf or root extract with 25 uL. CHES buffer, but without DTT,
and incubated at room temperature for 10 min before adding 10 pl 15 mmol DTT. The reduction of
all samples was terminated after 60 min incubation at room temperature by addition of 10 pl 30 mmol
monobromobiname for derivatisation. The monobromobine derivatives were stabilized with 55 pl (45
pL for the GSSG batch) 10% (v/v) acetic acid after 15 min derivatisation in the dark. Finally, 100 pl
of the reaction solution were transferred into glass vials. Thiol derivatives were separated on an
ACQUITY UPLC® HSS (Waters GmbH, Eschborn, Germany), with a C 18 column (2.1 x 50 mm;
1.18 pum) applying a solution of potassium acetate (100 mmol) in methanol (100%) for elution.
Concentrations of thiols were quantified with a standard solution mixture consisting of GSH, cysteine

and gamma-glutamylcysteine subjected to the same reduction and derivatisation procedure.
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Total and reduced ascorbate was determined using the colorimetric method previously
described by Arab et al. (2016). Aliquots of 35 mg frozen homogenized leaf and root material were
extracted in 500 pL 5% meta-H;PO, solution. After 30 min centrifugation at 4 °C 12000 rpm,
aliquots of 100 pL of the supernatant were mixed with 20 uL 1.5 M triethanolamine and 100 uL
sodium phosphate buffer (150 mM, pH 7.4). Total ascorbate contents were measured after reduction
by adding 50 uLL 10 mM DTT and incubation at room temperature for 15 min. The excess DTT was
removed by adding 50 uLL NEM (0.5%). An aliquot of 100 pL double-distilled H,O of was added to
sample used for the determination of reduced ascorbate instead of DTT and NEM. To all samples
200 pL trichloroacetic acid (TCA, 10%), 200 pL orthophosphoric acid (44%), 200 pL 2,2'-dipyridil
(4% 1n ethanol) and 100 pL FeCl; (3%) were added and mixed carefully. The absorption of the
reaction mixtures was determined with a UV-DU650 spectrophotometer (Beckman Coulter Inc.,
Fullerton, CA, USA) at 525 nm after incubation at 37 °C in a water bath for 60 min. Concentrations
of total and reduced ascorbate were calculated from to a standard curve using L-ascorbic acid
(Sigma—Aldrich, Steinheim, Germany) subjected to the same procedure as samples.

H,0,; content of leaf and root samples was determined as described by Velikova et al. (2000).
Frozen tissue samples of 50 mg were extracted in 0.1% (w/v) trichloroacetic acid (TCA). The
homogenate was centrifuged at 15,000 g for 15 min. Aliquots of 300 puL supernatant were combined
with 300 puL of 10 mM potassium phosphate buffer (pH 7.0) and 600 uL of 1 M KI. The absorbance
of the reaction solutions was measured at 390 nm after 20 min incubation in dark. The content of
H,0, was quantified with a standard calibration curve of different concentrations (0 - 200 uM) of
H,0,.

2. Determination of in vitro activities of glutathione reductase (GR) and dehydroascorbate reductase

(DHAR)
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For the determination of in vitro GR (EC-number 1.6.4.2) and DHAR (EC-number 1.8.5.1)
activities of leaf and root material aliquots of 100 mg frozen plant material were extracted with 1.5
ml ice cold extraction buffer, containing 100 mmol potassium phosphate (pH 7.8), 80 mg PVPP and
1% Triton X-100 (v/v). After 10 min incubation on ice, the protein fractions in 500 pL supernatants
of the extracts were separated via passing through a Sephadex G-25 column (NAP-5 column, GE
Healthcare Life Science, Freiburg, Germany). The columns were washed with 1 ml 100 mmol
potassium phosphate buffer (pH 7.8) and eluents were collected for analysis of enzyme activity. GR
activity was determined by monitoring glutathione dependent oxidation of 1.25 mmol NADPH at 340
nm, DHAR activity was analyzed by following the increase in absorbance at 265 nm, resulting from
GSH-dependent production of ascorbate as previously described (Polle et al., 1990). Enzyme

measurements were conducted at 40°C, i.e. the daytime temperature of plant exposure.

3. Hydrogen peroxide analysis

For hydrogen peroxide (H,O,) analyses, 50 mg frozen leaf and root samples were extracted in
0.1% TCA (w/v). The homogenate was centrifuged at 15,000 g for 15 min. Aliquots of 300 uL
supernatant were combined with 300 uL 10 mmol potassium phosphate buffer (pH 7.0) and 600 uL
1 mol KI. The absorbance of the reaction solutions was measured at 390 nm after 20 min incubation
in dark. The content of H,O, was quantified with a standard calibration curve of different H,0,

concentrations (0 - 200 umol) (Merck KGaA, Darmstadt, Germany).

4. Determination of soluble protein, lignin contents and phenolic compounds
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For the determination of total soluble protein 50 mg frozen tissue were extracted in 1.5 ml 50
mmol Tris-HCI containing 1 mmol EDTA, 15% glycerol (v/v), 1 mmol phenylmethylsulfonyl
fluoride (PMSF), 5 mmol DTT, 0.1% Triton X-100 and 150 mg acid washed PVPP. The same volume
of 10% (w/v) TCA was added and, after 10 min incubation at 4°C, samples were centrifuged at 14,000
g for 15 min. The pellets were dissolved in 1 mol KOH. Soluble protein contents were calculated
from the absorbance of the mixture of 5 pL extract with 200 pL Bradford reagent (Amresco Inc.,
Solon, OH, USA) measured at 595 nm. Bovine serum albumin (Sigma-Aldrich Chemie) was used as
reference for quantification.

For lignin analyses, 100 mg dry samples were washed by successive stirring (30 min) and
centrifugation (5,000 g, 15 min) as follows: 2 times in 10 ml 100 mmol potassium phosphate buffer
(pH 7.8, with 1 % Triton X-100, v/v), 4 times in 10 ml 100 % methanol, 2 times in 10 ml 1 mol NaCl
and 2 times in 10 ml miliQ water. The pellets were dried in an oven (60°C, 24 h) and the dry matter
obtained was defined as protein-free cell wall fraction. For quantification of lignin by the acetyl
bromide method, 20 mg of protein-free cell wall sample was weighted into a screw-cap centrifuge
tube containing 0.5 ml 25% acetyl bromide (v/v, in glacial acetic acid). The mixture was incubated
at 70°C with shanking at 1,200 g (Thermo mixer, Eppendorf AG, Hamburg, Germany). After 30 min
digestion, the samples were cooled in an ice bath and mixed with 0.9 ml 2 mol NaOH, 0.1 ml 5 mol
hydroxylamine-HCI, and 5 ml glacial acetic acid for complete solubilization of the lignin extract.
After centrifugation (5,000 g, 15 min), the absorbance of the supernatant was measured at 280 nm. A
standard curve was generated with alkali lignin (Sigma-Aldrich Chemie) subjected to the same
procedure. The results were expressed as mg lignin g! dw.

Total phenolic compounds in plant samples were extracted with 50% acetone and quantified by

the Folin-Denis method using gallic acid as standard. Approximately 50 mg frozen leaf or root
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powder was extracted three times with 1 ml 50% acetone (4 °C, 15 min incubation with shaking).
Aliquots of 40 uL of the combined extracts were mixed with 1560 pL miliQ water and 100 puL Folin-
Denis reagent (Sigma-Aldrich, Steinheim, Germany). After 8 min, 300 pL 20% Na,COj5 (dissolved
in milliQ water, w/v) was add to each tube and mixed thoroughly. The absorption at 765 nm was
determined after 20 min with a UV-DU650 spectrophotometer (Beckman Coulter Inc., Fullerton, CA,
USA). The total phenolic content was expressed as gallic acid equivalents (mg g! dw of sample)

determined by a calibration curve with gallic acid.

5. Determination of ions and elements

For the determination of anion contents, aliquots of 50 mg of leaf or root powder and 100 mg
PVPP were mixed with 1 ml double-distilled H,O for 1 h at 4°C under continuous shaking. After
boiling for 10 min to precipitate proteins, the extracts were centrifuged for 10 min at 14,000 g.
Aliquots of 50 uL of the supernatants were injected into an ion chromatography system (DX 120,
Dionex, Idstein, Germany). Separation of anions was achieved by an ion exchange column (AS12A,
4 mm, Dionex) with 2.0 mmol Na,CO; and 0.75 mmol NaHCO; as mobile phase. Detection and
quantification was performed with a pulsed amperometric detector (Electrochemical detector ED 40
Dionex). Sodium salts of nitrate, phosphate, and sulphate were used as standards for quantification.

For determination of tissue potassium (K), calcium (Ca), magnesium (Mg), phosphorus (P),
sulphur (S), sodium (Na), chloride (Cl), iron (Fe), manganese (Mn), zinc (Zn), copper (Cu) and nickel
(N1) concentrations, freeze dried tissue samples were placed in an oven at 70 °C overnight prior to
analysis. Ca. 50 mg dried subsamples were weighted and digested in closed vessels using a
microwave digester (MARS Xpress, CEM Microwave Technology, Buckingham, UK). Samples were

first digested with 10 ml concentrated nitric acid (HNOs), before 3 ml of 30% H,0, was added to
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each vessel to complete digestion. Digested samples were diluted with milliQ water before element
analyses. Total K, Ca, Mg, P, S, Na, Cl, Fe, Mn, Zn, Cu and Ni concentrations were determined on
digested material by ICP-MS (ELAN DRCe, PerkinElmer, Waltham, MA, USA). Blank digestions
were performed to determine background concentrations of elements and a tomato leaf standard
(Reference 1573a; National Institute of Standards and Technology, NIST, Gaithersburg, MD, USA)

was used as an analytical control.

6. Extraction and determination of water soluble metabolites

Approximately 50 mg of frozen powder was weighted into a pre-cooled 2 ml reaction tube, then
600 ul cold 100% methanol and 60 pl ribitol (0.2 mg ml™!) were added, the latter as internal standard.
Tubes were vortexed briefly, heated to 70°C and shaken at 1,200 g for 10 min. Samples were
centrifuged at 14,000 g for 5 min; then 500 ul supernatant was combined with 500 ul milliQ water
and 500 pl cold chloroform. The mixtures were intensively shaken and centrifuged at 14,000 g for
another 5 min. An aliquot of 100 ul of the supernatant from the methanol phase was freeze-dried for
48 h. For derivatization, 20 ul of a 20 mg ml™! solution of methoxyamine hydrochloride in anhydrous
pyridine (Sigma-Aldrich Chemie) was added to the dried extracts and samples were incubated at
30 °C for 90 min with shaking at 1,400 g. Thereafter, 40 pl N-methyl-N-(trimethylsilyl)-
trifluoroacetamide (MSTFA, Sigma-Aldrich Chemie) were added and samples were incubated at
37 °C for 30 min with shaking at 1,200 g. Then, 50 ul solution was transferred into glass vials with
inserts and sealed for GC-MS analysis. A mixture of n-alkane (C8-C20, saturated alkane mixture,
Sigma-Aldrich Chemie) was measured together with samples for retention index calibration.

A GC-MS system (Agilent GC 6890N coupled to a 5975C quadrupole MS detector; Agilent

Technologies, Palo Alto, CA, USA) equipped with an autosampler (MultiPurpose Sampler MPS2;
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Gerstel, Miilheim, Germany) was employed for analysis of the samples. Aliquots of 1 pl derivatized
sample were injected in splitless mode into the system and separated on a capillary column (HP-5 ms
ultra inert, 0.25 mm ID, 0.25 pm film thickness, 30 m length; Merck). The GC-MS system was
controlled by the Agilent Masshunter software (Agilent Technologies). Peak detection and alignment
was performed with the Quantitative Analysis Module of the Masshunter software. A relative
quantification of metabolites was done by calculating the peak areas of the chromatograms after
normalization using the peak area of the internal standard, ribitol, and the dry weight of samples.
Artefact peaks and common contaminants were identified by analysis of ‘blank’ samples prepared in
the same manner as biological samples. Signals corresponding to these artefacts were omitted from

biological interpretation.
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150  Fig. S1. Gas exchange parameters of control (grey) and ozone fumigated (dark) Date palm. iWUE,
151  the calculated instantaneous intrinsic water use efficiency; Ci/Ca, CO, concentration ratio between
152  intracellular and ambient. Data shown are means + standard error (n = 4). Statistical significant

153  differences between ozone exposed plants and controls were not observed.
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Table S1 Hydration, total C, N, 6'3C, 8!°N and hydrogen peroxide contents of control and ozone
fumigated date palm seedling. Data shown are means + standard error (n = 6) of per gram dry
weight basis. No significant (P < 0.05) effect of ozone was found on these parameters. Significant
differences between leaves and roots are indicated by different letters, upper and lower case letters

are for control and ozone fumigated plants, respectively.

Leaf Root
Parameters Treatment 1h 2h 4h 8h 1-8h 8h
Hydration Control 1.88+0.03 1.95+0.05 1.89+0.04 1.85+0.01 A 1.89+0.02 3.25+0.35 B
(gH0 gh) Ozone 1.92+0.06 1.91+0.06 1.89+0.05 1.84+0.03 2 1.89+0.02 3.02+0.29 b
Total C (mg g') Control 475.69+4.82  468.59+4.74 474134490  483.21+11.65 475.46+3.60  463.11+5.92
Ozone 480.21+6.32  473.27+£2.23  47541+596  475.31£3.99 476.05£2.28  463.85+1.77
Total N (mg g) Control 14.88+0.35 15.97+1.33 15.44+0.81 16.43+1.054 15.69+0.47 9.51+1.858
Ozone 14.66+0.17 15.31+0.58 13.90+0.37 14.87+0.562 14.68+0.23 6.58+0.89°
C /N ratio Control 32.08+0.98 30.14+1.98 31.00+1.38 29.89+£1.574  30.77+0.74 56.61+9.06 B
Ozone 32.78+0.61 31.14+1.25 34.30+0.97 32.23+1.432 32.61+0.56 77.40£10.42°
0BC (%o) Control -28.51+0.35  -27.63+0.68  -28.06+0.85  -27.47+£0.324  -27.91+0.28  -26.03£0.24B
Ozone -27.60+0.48  -27.98+0.40  -27.90+0.94  -27.86+£0.42*  -27.83+0.27  -25.68+0.55"
115N (%o) Control 1.43+0.40 2.05+0.30 1.77+0.23 1.26+0.49 1.62+0.19 1.60+0.55
Ozone 2.27+0.26 2.06+0.59 2.11+0.25 2.31+0.15 2.19+0.16 2.17+0.33
H,0; (umol g Control 3.80+0.24 4.23+0.48 3.63+0.30 4.11+0.23 A 3.96+0.16 0.98+0.12 B
Ozone 3.77+0.09 3.78+0.21 4.05+0.37 4.12+0.33 2 3.93+0.13 1.10+£0.21°




163  Table S2 Anions and ions contents (in per gram dry weight) of control and ozone fumigated date
164  palm. Bold indicates significant ozone effects between ozone treatment and control plants within
165  the same time (P < 0.05). Significant differences between leaves and roots after 8 h ozone treatment
166  were indicated by different letters, upper and lower case letters are for control and ozone fumigated

167  plants respectively. Data shown are means + standard error (n = 6).

Leaf Root
Parameters Treatment 1h 2h 4h 8h 1-8h 8h
NO; (pmol g') Control 2.09+0.39 2.18+0.32 2.11+0.39 1.72+0.29 4 2.03+0.17 112.79+28.27 B
Ozone 0.64+0.37 0.63+0.42 1.08+0.39 0.59+0.26 * 0.74+0.17 40.40+5.53 »
PO, (umol g!) Control 298.05+44.20 493.01+£129.66  264.26+30.62  348.42+54.03 A 354.7+40.08 162.32+12.92 B
Ozone 188.02+37.15 214.21+42.96 243.59439.58  223.49+33.03® 217.33+18.36 111.86+32.01°
SO4> (umol g!) Control 183.13+19.82 204.18+7.69 151.24+32.14 123.85+14.93 166.23+11.29 157.26+13.82
Ozone 96.10+13.73 138.98+16.23 108.61+21.68 119.58+13.85 115.82+8.45 121.9429.36
Na (mg g) Control 0.14+0.01 0.13+0.01 0.11+0.01 0.12+0.01 A 0.12+0.01 0.32+0.03 B
Ozone 0.13+0.02 0.14+0.02 0.13+0.01 0.11+0.01 2 0.13+0.01 0.27+0.04 ®
Mg (mg g) Control 2.92+0.12 2.83+0.15 2.81+0.12 2.76+0.06 2.83+0.06 2.5340.23
Ozone 2.75+0.16 2.93+0.12 2.68+0.21 2.76+0.07 2.78+0.07 2.44+0.25
P (mgg) Control 2.65+0.27 3.76+0.80 2.70+0.18 3.34+0.44 A 3.13+0.25 2.13+0.19 8
Ozone 2.59+0.42 2.88+0.46 3.08+0.37 2.70+0.29 2 2.81+0.19 1.95+0.16°
S (mgg") Control 2.70+0.12 2.73+0.15 2.57+0.19 2.44+0.08 2.61+0.07 3.08+0.29
Ozone 2.32+0.14 2.70+0.16 2.32+0.22 2.48+0.13 2.45+0.08 2.40+0.17
Cl (mg g") Control 10.79+1.48 8.06+1.59 9.83+1.53 8.78+1.19 9.34+0.71 6.73+0.86
Ozone 6.32+0.81 5.92+1.11 6.92+1.04 7.78+1.95 6.74+0.62 9.42+0.71
K (mggh) Control 18.26+0.86 20.53+1.97 19.58+0.19 20.13+1.18 19.63+0.61 18.25+1.51
Ozone 18.10+0.45 18.97+0.80 18.94+0.69 18.57+0.85 18.65+0.34 17.33+0.94
Ca(mgg') Control 9.24+0.61 9.66+0.39 8.59+0.28 9.56+0.42 A 9.29+0.22 3.78+0.44 8
Ozone 9.25+0.92 10.08+0.68 9.63+0.82 9.57+0.76 2 9.63+0.38 3.42+0.31°
Mn (mg g') Control 0.14+0.04 0.18+0.02 0.19+0.01 0.19+0.03 A 0.17+0.01 0.03+0.01 B
Ozone 0.12+0.02 0.14+0.02 0.14+0.02 0.16+0.02 2 0.14+0.01 0.03+0.01°
Zn (pggh Control 16.74+1.23 18.96+1.61 16.36+1.13 18.78+1.56 17.77+0.70 15.7942.32
Ozone 17.90+1.02 19.81£1.55 17.36+1.42 16.04+1.25 17.78+0.68 20.42+4.41
Fe (uggh) Control 45.02+3.00 46.10+3.46 39.50+2.58 41.93+1.43 43.29+1.38 43.18+5.83
Ozone 42.05+4.00 44.65+2.22 42.39+3.46 43.66+3.34 43.19+1.56 43.96+6.61
Cu(ngg") Control 1.78+0.15 2.03+0.30 1.73+0.08 2.41+0.28 2.00+0.12 3.124+0.25
Ozone 1.60+0.29 1.74+0.24 1.83+0.25 2.01+0.25 1.79+0.12 2.98+0.36
Ni (ng g) Control 0.45+0.08 0.31+0.03 0.26+0.02 0.35+0.03 0.35+0.03 0.27+0.04
Ozone 0.29+0.04 0.40+0.04 0.37+0.06 0.51+0.14 0.39+0.04 0.25+0.02
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171 Table S3 Golm Metabolome Database codes (MPIMP ID) of identified metabolites. IPTG:
172 isopropyl B-D-1-thiogalactopyranoside; NMH-proline: N-methyl trans-4-hydroxy-L-proline
173 (2S,4R)-4-hydroxy-1-methyl pyrrolidine-2-carboxylic acid; DHA: dehydroascorbic acid; 1-P-3-H-
174  5-carboxylate: 1-pyrroline-3-hydroxy-5-carboxylate.
Groups Metabolites 1}22:3? Ml;{)MP Groups Metabolites ]1\022:(0)1; MPIMP ID
Fructose 84 | A187002 Glutamic acid 65 A154002
Glucose 82 | AI189005 Proline 81 A117006
Lyxose 81 | A165006 NMH-proline 75 R002953
Galactose 85 | Al188001 Arginine 70 A176005
D-cellobiose 75 | A278010 y-Aminobutyric acid 70 A153003
Sugars Sucrose 87 | A264001 Asparagine 86 A151002
D- a, o’-trehalose 86 | A274002 Aspartic acid 75 A144003
Sophorose 81 | A275015 Threonine 71 A132001
Gentiobiose 86 | A285003 Lysine 63 A186002
Raffinose 87 | A337002 Alanine 81 A138002
6-Kestose 71 | A341001 | Nitrogen Valine 71 A109001
Phosphates Glycerol-3-P 72 | A177002 | compounds Leucine 65 A118001
Mannose-6-P 80 | A231001 Isoleucine 71 A119002
Citric acid 79 | A182004 Serine 75 A128001
Fumaric acid 71 | A137001 Glycine 61 A114001
Malic acid 87 | A149001 Phenylalanine 60 R002940
Ribonic acid 69 | A177001 Tryptophan 60 A219006
Organic Shikimic acid 82 | Al81002 Uracil 63 A136001
acids DHA dimer 74 | A185002 Pyroglutamic acid 60 A151009
Isoascorbic acid 67 | A196002 Ethanolamine 77 A128002
Lyxonic acid 79 | A178005 Carbodiimide 83 A100005
Hdroxy-hexanedioic acid 60 |  A168005 1-P-3-H-5-carboxylate 77 A151025
Succinic acid 60 | A134001 Galactinol 87 A299002
Galactonic acid 70 | A199002 Sugar Arabitol 67 A171012
Sugar Glycer?c acid 73 | A135003 | alcohols 'ljhre%tol 76 A149002
acids Gluconic acid 76 |  A200001 Myo-inositol 84 A209002
Saccharic acid 63 | A201001 Palmitic acid (C16:0) 78 A205001
Threonic acid 65 | A156001 | Fatty acids Oleic acid (C18:1) 60 A223003
Trans4-caffeoylquinic acid 66 A317001 | and fatty Stearic acid (C18:0) 69 A225002
Catechin 83 | A289005 | alcohols Stearyl alcohol 69 A215001
4-Hydroxy-benzoic acid 79 | A164003 Heptadecan-1-ol 60 A203007
Benzoic acid 81 | AI128003 Phosphoric acid 90 A129001
Phenolics Taxifolin 68 | A296005 Pipecolinic acid 69 R000477
Guaiacylglycerol 75 R003100 Gluconic acid-1,5-lactone 67 A189008
Trans-sinapyl alcohol 60 | A209005 Others IPTG 77 | MO001041
Cis-sinapic acid 60 | A207001 Gluconic acid-1,4-lactone 66 A189013
Lumichrome 87 | RO001472 Glycerolaldopyranosid 75 A231002
Piceatannol 61 A286012 Threonic acid-1,4-lactone 60 A140005
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