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a b s t r a c t

Tropospheric ozone (O3) impairs physiological processes of plants while nitrogen (N) deposition may
cause imbalances in soil N and other nutrients such as phosphorus (P) suggesting an increase of P de-
mand for plants. However, the combined effect of O3, soil N and P on isoprene emission from leaves has
never been tested. We therefore examined isoprene emission in leaves of Oxford poplar clone exposed to
O3 (ambient, AA [35.0 nmol mol�1 as daily mean]; 1.5 � AA; 2.0 � AA), soil N (0 and 80 kg N ha�1) and
soil P (0, 40 and 80 kg P ha�1) in July and September in a Free-Air Controlled Exposure (FACE) facility. We
also investigated the response of isoprene emission to foliar N, P and abscisic acid (ABA) contents in
September because the 2-C-methylerythritol-5-phosphate (MEP) pathway of isoprenoid biosynthesis
produces ABA. We found that O3 increased isoprene emission in July, which was associated to increased
dark respiration, suggesting an activation of metabolism against O3 stress as an initial response. However,
O3 decreased isoprene emission in September which was associated to reduced net photosynthesis. In
September, isoprene emission was positively correlated with leaf N content and negatively correlated
with leaf P content in AA. However, no response of isoprene emission to foliar N and P was found in
elevated O3, suggesting that the isoprene responses to foliar N and P depended on the O3 exposure levels.
Isoprene emission rate in 1.5 � AA and 2.0 � AA increased with increasing leaf ABA content, indicating
accelerated senescence of injured leaves to favor new leaf growth when high O3 and nutritional avail-
ability in the soil were combined. Even though foliar N and P usually act as a proxy for isoprene emission
rate, the impact of recent abiotic factors such as O3 should be always considered for modeling isoprene
emission under climate change.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Tropospheric ozone (O3) is an important contributor to green-
house radiative forcing (IPCC, 2013; Sitch et al., 2007) and a sec-
ondary gas pollutant formed by photochemical reactions with
nitrogen oxides (NOX) and volatile organic compounds (VOCs)
(Mills et al., 2018). Ozone damages plant physiological processes
causing a decline of growth and productivity (Grulke and Heath,
e by J€org Rinklebe.

ika).
2020; Hoshika et al., 2020b; Paoletti, 2007). Plants are known to
emit VOCs such as terpenes (isoprene and monoterpenes; Sharkey
and Monson, 2014), which can further react in the troposphere
leading to O3 formation (Baraldi et al., 2019; Calfapietra et al., 2013;
Pe~nuelas and Staudt, 2010).

Previous studies demonstrated that O3 may affect VOC emission
from leaves, especially that of isoprene (Fares et al., 2010; Feng
et al., 2019b). Chronic O3 exposure, at concentrations lower than
150 nmol mol�1 for more than 10 days, decreased isoprene emis-
sion rate by 21% (Feng et al., 2019b), although shorter-term acute O3
exposure may stimulate isoprenoid emissions (Feng et al., 2019b;
Velikova et al., 2005). Emission of isoprene may play a role in the
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protection of membranes against the oxidative stress induced by
O3, by scavenging reactive oxygen species (ROS) in the leaf inter-
cellular spaces (Vickers et al., 2009), changing photosynthetic
membrane properties therefore affecting photochemistry (Pollastri
et al., 2014, 2019) and acting as a signal molecule for defensive
metabolism (Harvey and Sharkey, 2016; Zuo et al., 2019).

Anthropogenic nitrogen (N) deposition is a major factor of
modification of the plant nutritional balance while other macro-
nutrients such as phosphorus (P) show a less significant atmo-
spheric deposition (Pe~nuelas et al., 2012). Soil nutrients such as N
and P may affect the production of secondary metabolites in leaves
(Carriero et al., 2016; Koricheva, 2002; Lin et al., 2010; Pe~nuelas
et al., 2011). Indeed, isoprene emission is affected by soil nutri-
tional conditions (Fern�andez-Martínez et al., 2018). Previous
studies showed that N fertilization increased isoprene emission
rates (Fern�andez-Martínez et al., 2018; Harley et al., 1994; Litvak
et al., 1996; Possell et al., 2004). This is because high foliar N in-
creases photosynthesis, which positively correlates with isoprene
emission (e.g. Litvak et al., 1996). In contrast, P addition has a
negative effect on isoprene emission (Fares et al., 2008; Fern�andez-
Martínez et al., 2018), indicating a decoupling of isoprene emission
from photosynthesis under P-rich conditions in the soil (Fares et al.,
2008).

Poplars are recognized as a model plant in plant physiology and
are used for timber production worldwide, especially in the
Northern Hemisphere (Jansson et al., 2010). Poplars are known to
be strong emitters of isoprene, and generally sensitive to O3 (Loreto
and Velikova, 2001; Yuan et al., 2020). In addition, poplar planta-
tions are established under various soil N and P conditions (Arevalo
et al., 2011; Hoosbeek et al., 2004). Therefore, the combined effects
of O3 and soil nutrients on isoprene emission warrant consider-
ation. In fact, it has been reported that O3 may change plant re-
sponses to soil N and P (Braun et al., 2017; Feng et al., 2019a).
However, to the best of our knowledge, there are only a few studies
where the combined effects of O3 and N on isoprene emission from
poplar leaves were examined (Yuan et al., 2017, 2020). They re-
ported that O3 exposure decreased isoprene emission just under
limited soil N availability (Yuan et al., 2020). Overall, the interaction
between O3, N and P on isoprene emission from leaves has never
been tested.

Ozone may accelerate leaf senescence (Paoletti, 2007). The
premature leaf senescence after O3 exposure may be promoted by
nutrient-rich conditions in the soil (Hoshika et al., 2019; Pell et al.,
1995). Abscisic acid (ABA) is a major phytohormone relating to leaf
aging process (Jibran et al., 2013). Isoprene biosynthesis is closely
related to the chloroplastic 2-C-methylerythritol-5-phosphate
(MEP) pathway, in which ABA is biosynthesized through caroten-
oids. In fact, previous studies reported that isoprene emission was
correlated with leaf ABA content in water-stressed conditions
(Barta and Loreto, 2006; Marino et al., 2017). In addition, isoprene
may be associated with the expression of ABA-related genes under
stress (Zuo et al., 2019). We therefore hypothesized that O3 may
modify the response of isoprene emission from leaves to soil N and
P availability, which is potentially linked with ABA during the
process of premature senescence of leaves following O3 exposure.

Our aim was to investigate isoprene emission rates in an O3-
sensitive poplar clone (Oxford: Populus maximowiczii
Henry � P. berolinensis Dippel) exposed for one growing season to
the combinations of O3, N and P treatments in an O3 Free Air
Controlled Exposure (FACE) experiment. Measurements were
conducted during two periods, i.e., in July and September, thus
taking into account the impact of different O3 dose and leaf age on
isoprene emission rate (Fares et al., 2010; Hoshika et al., 2019). In
fact, previous studies reported that leaf physiological responses to
2

O3 were different between early summer (July) and late summer
(September) in deciduous trees (Hoshika et al., 2019, 2020b). The
questions addressed here are: (i) does O3 affect the response of
isoprene emission to foliar N or P? (ii) does ABA correlate with the
response of isoprene emission to the combination of O3 � N � P?
2. Materials and methods

2.1. Experimental site and plant materials

The study was conducted in an O3 FACE system located in Sesto
Fiorentino, Italy (43�4804900 N,11�1200100 E, 55 m a.s.l.). In December
2015, rooted cuttings of Oxford poplar clone (15.4 cm as an aver-
aged initial height) were planted in 10 L plastic pots (one cutting
per pot) filled with a mixture of sand: peat: soil ¼ 1:1:1 (v:v:v)
(Zhang et al., 2018a, 2018b). Plants were exposed to three levels of
O3 concentrations: ambient air (AA), 1.5 times ambient O3 con-
centration (1.5 � AA), and 2.0 times ambient O3 concentration
(2.0 � AA) from 1st May to 1st October, 2016. Daily mean O3 con-
centrations during the experiment were 35.0 nmol mol�1 in AA,
51.6 nmol mol�1 in 1.5 � AA and 66.7 nmol mol�1 in 2.0 � AA
(Zhang et al., 2018a). Ozonewas generated from pure-oxygen (Mod.
TOGC13X, Triogen Ltd., Scotland) and mixed with ambient air. The
O3 mixed air was delivered to plants by 25 Teflon tubes hanging
down from a fixed grid above the plants in each plot. The air flow
was controlled by a proportional integral derivative (PID) system.
The air pressure was tested and controlled to be constant along the
Teflon tubes, to allow a similar flow from each microhole for the
fumigation of O3 (0.3 L min�1). The details of the FACE system are
described in Paoletti et al. (2017). We used two N treatments (0 and
80 kg N ha�1 referred to as N0 and N80), and three P treatments (0,
40 and 80 kg P ha�1 referred to as P0, P40 and P80) (Table 1).
NH4NO3 solutions (0 and 5 mM) and KH2PO4 solutions (0, 0.5 and
1 mM) were applied in order to reach the target concentrations at
the end of the experiment (NH4NO3: every 10 days for a total of 14
applications; KH2PO4: every 5 days for a total of 28 applications). To
keep the same level of K among all treatments, KCl was also sup-
plied to the soil that did not receive KH2PO4. From the point of view
of experimental planning, one of themost important strategies is to
carry out experiments at the extremes (maximum and minimum
settings) of the range of the variables (Fogler, 2016). This is why we
tested the effects of minimum/maximum levels of N deposition,
which may happen in a real world (0 and 80 kg N ha�1, Fenn et al.,
2003; Peng et al., 2017). Although the atmospheric deposition of P
is usually less significant, poplar plantation can be established in
various soil types such as low-fertilized (e.g., volcanic ash soils,
Hoosbeek et al., 2004) and high-fertilized soils (e.g., agricultural
field soils, Arevalo et al., 2011). Therefore, the levels of P application
were selected to simulate a realistic soil available P. In fact, Zhang
et al. (2018a) confirmed that soil P concentrations in our experi-
ment (soil P: 0.5 g kg�1 in P0, 0.8 g kg�1 in P40, 1.0 g kg�1 in P80)
were within the range of those observed in various soil types in the
world (0.5e1.3 g kg�1, Stevenson and Cole, 1999). There were three
replicated blocks (L � W � H: 5 m � 5 m � 2 m) in each O3

treatment, and each block contained all six N and P combinations
(three plants per each combination), for a total of 162 plants. Soil
water content in the pots was kept to the field capacity
(0.295 m3 m�3, Paoletti et al., 2017).
2.2. Measurements of gas exchange and isoprene emission

Leaf gas exchange measurements were conducted between 9
and 12 a.m. solar time in two periods, i.e. at the end of July and
September 2016, for fully developed healthy leaves (one leaf per



Table 1
Summary of the experimental treatments in this study. Poplars were exposed to three levels of O3 concentrations (AA, ambient O3 concentration; 1.5 � AA;
2.0� AA) and six combinations of nutrients in the soil [two levels of N (0 and 80 kg N ha�1; N0 and N80) and three levels of P (0, 40 and 80 kg P ha�1; P0, P40
and P80)].

Ozone treatments Nitrogen treatments Phosphorus treatments

Ambient (AA), 0 kg N ha�1 (N0), 0 kg P ha�1 (P0),
1.5 times ambient ozone concentration (1.5 � AA), 80 kg N ha�1 (N80). 40 kg P ha�1 (P40),
2.0 times ambient O3 concentration (2.0 � AA). 80 kg P ha�1 (P80).
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one to three plants per each replicated block per each combination
of treatments, n ¼ 3 blocks, 5e10th leaf from the tip of a shoot).
Leaves flushed at mid-June were used for the measurement in July
(5-week old leaves). Leaves flushed at the 1st week of July were
used for the measurement in September (10-week old leaves). Net
photosynthetic rate (PN) and stomatal conductance (gs) were
recorded by using a leaf cuvette (6 cm2) of a portable infra-red gas
analyzer (LI6400, Li-Cor Inc. Lincoln, NE, USA). Leaves were kept at
a constant conditions of photosynthetic photon flux density (PPFD,
1000 mmol m�2 s�1), CO2 concentration (400 mmol mol�1), leaf
temperature (30 �C) and relative humidity (50e60%). Dark respi-
ration (Rn30) was assessed bymeasuring the CO2 efflux from the leaf
after switching off the light source for 30 min under the same
conditions of temperature, CO2 concentration and relative
humidity.

Isoprene emissions were measured in real-time, simultaneously
to the gas exchange on the same leaves and plants, by connecting
the inlet of a Proton Transfer ReactioneMass Spectrometer (PTR-
MS, Ionicon Analytik GmbH, Innsbruck, Austria) directly to the
LI6400 cuvette with a Teflon tube. During measurements, the PTR-
MS was set to operate in Selected Ion Monitoring (SIM) mode
acquiring the protonated ion 69þ (Lindinger et al., 1998). Isoprene
concentration was quantified through a gas standard (Apel Riemer,
Broomfield, CO, USA) after subtracting the background signal
recorded from the empty cuvette before starting the measure-
ments. To avoid any contamination with isoprene coming from
ambient air, VOC-free air was provided to the LI6400 system by a
custom made catalytic converter (Brilli et al., 2011).

2.3. Abscisic acid, nitrogen and phosphorus contents of leaves

In September, after the measurements of gas exchange and
isoprene emission, all leaves used in leaf-level measurements were
collected. Leaves were immediately frozen in liquid N and stored
at�80 �C until analysis. The concentration of free forms of ABAwas
determined on freeze-dried leaves according to the protocol re-
ported by Brilli et al. (2019). The identification and quantification of
ABA was performed by using a GC-MS system (7890A-5975C, Agi-
lent Technologies, US). The levels of endogenous hormones were
estimated from the corresponding peak as determined by the
principles of isotope dilution (Cohen et al., 1986). ABA concentra-
tions were calculated on a dry weight basis (nmol gdw�1).

Half of the leaf samples were dried in an oven at 70 �C to reach
constant weight. Leaf N concentration was then determined on
dried, grounded leaves using the modified Kjeldahl method (Cools
and De Vos, 2010). Leaf P concentration was determined with an
inductively coupled plasmaeoptical emission spectroscopy
(ICPeOES, iCAP7000, Thermo Fisher Scientific, Waltham MA, USA).
In addition, photosynthetic nitrogen use efficiency (PNUE) and
phosphorus use efficiency (PPUE) were calculated as PN divided by
the area-based N and P content (Narea and Parea), respectively.

2.4. Statistical analysis

The experiment had a replicated split-plot design with a full
3

factorial combination of treatment levels. The whole-plot treat-
ment comprised three levels of O3 with three block replications for
a total of nine blocks. The sub-plot treatment consisted of six
combinations of the nutritional treatments (two levels of N and
three levels of P), which were randomly assigned to 18 pots (three
pots per nutritional combination, distributed among the three
blocks of each O3 level, in total, 162 pots distributed among nine
blocks). Data were tested for normal distribution (Kolmogorov-
Smirnov D-test) and homogeneity of variance (Levene’s test). Since
all data were normally distributed, they were analyzed with a full-
factorial split-plot three-way analysis of variance (ANOVA) with O3,
N and P as fixed factors, and the block as random factor nested in
O3. To assess relationships between isoprene emission and photo-
synthetic parameters or leaf traits PN or Rn30 in July and September,
we conducted simple linear regression analyses. In addition, simple
linear regressions were also applied to the relationships between
isoprene emission rate and leaf nutrients (N or P) or ABA in
September. When significant lines were obtained, the effect of O3
on the relationships between isoprene emission rate and leaf nu-
trients or hormones was tested by analysis of covariance (ANCOVA).
Quadratic functions were applied to the relationships of isoprene
emissions with leaf N:P ratios in September. Results were consid-
ered significant at p < 0.05. All statistical analyses were performed
in R 3.5.1 (R Core Team, 2018).

3. Results

3.1. Abscisic acid, nitrogen and phosphorus contents of leaves

Nitrogen addition increased leaf ABA content especially in P0
plants (Fig. S1: þ241% in AA, þ204% in 1.5 � AA, þ95% in 2.0 � AA,
as N80P0 compared to N0P0). However, this positive effect of N
addition was not clearly observed under P80 treatments. The
interaction of O3 � N � P was significant for foliar ABA content so
that 2.0� AAO3 exposure significantly increased it when supplying
N and P together (N80P80).

Nitrogen treatments enhanced leaf N content and P treatments
increased leaf P content (Fig. S2). However, this increase of foliar P
by P treatment was limited at the highest level of O3 treatment
(2.0 � AA), as confirmed by a significant interaction between O3

and P. Leaf N:P ratios were in a range of 6.9e21.6. The N:P ratio was
significantly increased by N treatments but decreased by P
treatments.

3.2. Effects of ozone, nitrogen and phosphorus on leaf gas exchange

Net photosynthetic rate (PN) values were significantly affected
by O3, N and month (Fig. 1; Table 2). PN decreased with advancing
season due to leaf senescence. Ozone decreased PN not in July but in
September, as confirmed by the statistical significance of
O3 � Month. The effect of N on PN varied with O3 treatments and
measuringmonth. In July, Tukey’s test indicated that N increased PN
only at 2.0� AA. On the other hand, in September, N increased PN at
AA and 1.5 � AA while such positive effect was not found at
2.0 � AA. In September, O3 induced a significant reduction of



Fig. 1. Net photosynthetic rate (PN), stomatal conductance (gs), dark respiration rate at 30 �C (Rn30), isoprene emission rate and the percentage of photosynthetic carbon lost as
isoprene (Ciso) of poplar Oxford clone in July and September 2016 under three O3 concentrations (AA, ambient O3 concentration; 1.5 � AA; 2.0 � AA) and six combinations of
nutrients in the soil [two levels of N (0 and 80 kg N ha�1; N0 and N80) and three levels of P (0, 40 and 80 kg P ha�1; P0, P40 and P80)]. The bars represent mean ± S.E. (n ¼ 3 blocks).
ANOVA results are shown in Table 1. Different letters show significant differences among treatments in each month (p < 0.05, Tukey test).
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photosynthetic nutrient use efficiency (PNUE and PPUE) (Table 3). A
significant interaction of the three factors was found for PNUE,
suggesting that there was a remarkable reduction in PNUE due to
2.0 � AA O3 exposure in N80P40 plants (�79%). Nitrogen addition
4

increased PPUE whereas P addition decreased it. The reduction of
PPUE due to P addition was not found in 2.0 � AA as indicated by
the significant interaction of O3 � P. Stomatal conductance (gs) was
stimulated by N treatments. Dark respiration rate at 30 �C (Rn30)



Table 2
Statistical significance of O3, N, P and measured month and their interactions on net
photosynthetic rate (PN), stomatal conductance (gs), dark respiration rate at 30 �C
(Rn30), isoprene emission rate and the percentage of photosynthetic carbon lost as
isoprene (Ciso) of poplar Oxford clone grown with three O3 concentrations (AA,
ambient O3 concentration; 1.5 � AA; 2.0 � AA) and six combinations of nutrients in
the soil [two levels of N (0 and 80 kg N ha�1; N0 and N80) and three levels of P (0, 40
and 80 kg P ha�1; P0, P40 and P80)]. Asterisks show the significance of ANOVA tests:
*** p < 0.001, ** p < 0.01, * p < 0.05, ns: not significant.

Treatments PN gs Rn30 Isoprene emission rate Ciso

O3 *** ns *** * ns
N *** ** *** ** ns
P ns ns ns ns ns
Month *** ns ns *** ***
O3 � N ns ns ns ** ***
O3 � P ns ns ns ns ns
O3 � Month *** ns ** *** ***
N � P ns ns ns ns ns
N � Month ns ns ns ns ns
P � Month ns ns ns ns ns
O3 � N � P ns ns ns ns ns
O3 � N � Month * ns ns ns **
O3 � P � Month ns ns ns ns ns
N � P � Month ns ns ns ns ns
O3 � N � P � Month ns ns ns ns ns
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was increased by O3 in July. However, no significant effect of the
combination of O3, N and P treatments on Rn30 was found in
September.
3.3. Effects of ozone, nitrogen and phosphorus on isoprene emission
rate

Ozone effects on isoprene emission were different between the
months. In July, a significant increase of isoprene emission due to
O3 exposure was found (Fig. 1, for N0P0,þ13% in 1.5� AA andþ51%
Table 3
Photosynthetic nitrogen use efficiency (PNUE) and phosphorus use efficiency (PPUE) of po
concentration; 1.5 � AA; 2.0 � AA) and six combinations of nutrient treatment in the soi
80 kg P ha�1; P0, P40 and P80)]. The values represent mean ± S.E. (n ¼ 3 blocks). Asterisk
significant. Different letters show significant differences among treatments (p < 0.05, Tu

Treatment PNUE

(mmol g�1 s�1)

AA N0P0 12.1 (±0.7)
N0P40 11.2 (±0.3)
N0P80 9.9 (±0.5)
N80P0 13.2 (±0.6)
N80P40 12.6 (±1.3)
N80P80 12.9 (±0.6)

1.5 � AA N0P0 6.5 (±0.6)
N0P40 5.0 (±0.4)
N0P80 5.4 (±0.1)
N80P0 7.2 (±0.5)
N80P40 6.9 (±0.9)
N80P80 5.6 (±0.4)

2.0 � AA N0P0 3.8 (±0.5)
N0P40 6.5 (±2.0)
N0P80 4.8 (±0.6)
N80P0 4.9 (±0.7)
N80P40 2.7 (±0.9)
N80P80 5.4 (±0.4)

ANOVA results
O3 ***
N ns
P ns
O3 � N *
O3 � P ns
N � P ns
O3 � N � P *

5

in 2.0 � AA compared to AA) in association with an increasing
percentage of photosynthetic carbon lost as isoprene (Ciso). In
September, however, O3 significantly decreased isoprene emission
(for N0P0,�66% in 1.5� AA and�84% in 2.0� AA compared to AA).
Isoprene emission rate in July was positively correlated with Rn30
while it was not significantly dependent on PN (Fig. 2A). In contrast,
in September there was a significant positive relationship between
isoprene emission and PN, while Rn30 was not correlated with the
isoprene emission rate in this month (Fig. 2B).

We found a significant N effect on isoprene emission rate (Fig. 1,
Table 2). This was confirmed by the positive correlation between
isoprene emission and leaf N content in September (Fig. 3). How-
ever, such a positive relationshipwas not observed at the highest O3
level (2.0 � AA). In September, isoprene emission decreased with
increasing P content in AA, while there were no significant re-
lationships between isoprene emission and leaf P in poplars treated
with the higher O3 levels (1.5 � AA and 2.0 � AA) (Fig. 3). Still in
September, the response of isoprene emission to leaf N:P ratio in AA
and 1.5 � AA showed a upward convex curve with a vertex as
maximum isoprene emission rate where the N:P ratio was
approximately 15 in AA and 18 in 1.5 � AA. Such a response curve
was not obtained in 2.0 � AA.

Isoprene emission rate and Ciso in 1.5 � AA and 2.0 � AA were
significantly correlated with leaf ABA content (Fig. 4). However, no
significant relationship was found between isoprene emission and
foliar ABA content at the low O3 level (AA).

4. Discussion

4.1. Effects of ozone on isoprene emission and leaf gas exchange

Twice ambient O3 exposure enhanced the isoprene emission
rate in July (Fig. 1). This increase of isoprene emission did not
correlate with net photosynthesis, but rather with an increase of
plar Oxford clone in September 2016 under three O3 concentrations (AA, ambient O3

l [two levels of N (0 and 80 kg N ha�1; N0 and N80) and three levels of P (0, 40 and
s show the significance of ANOVA tests: *** p < 0.001, ** p < 0.01, * p < 0.05, ns: not
key test).

PPUE

(mmol g�1 s�1)

ab 129.4 (±7.3) bcde
ab 134.2 (±14.7) bcd
b 70.2 (±17.2) fg
a 213.0 (±35.7) a
a 175.9 (±37.1) ab
a 103.7 (±7.7) cdef
c 82.9 (±20.4) defg
cde 40.7 (±5.8) g
cd 40.0 (±5.1) g
c 154.4 (±18.5) bc
c 96.7 (±17.7) defg
cd 60.4 (±3.8) fg
de 46.8 (±3.7) fg
c 73.6 (±24.6) efg
cde 57.3 (±2.2) fg
cde 87.8 (±8.2) defg
e 39.1 (±16.2) g
cd 82.3 (±12.1) defg

***
***
***
ns
**
ns
ns



Fig. 2. Relationships between net photosynthetic rate (PN) or dark respiration rate at 30 �C (Rn30) and isoprene emission rate of poplar Oxford clone in (A) July and (B) September
2016 under three O3 concentrations (AA, ambient O3 concentration; 1.5 � AA; 2.0 � AA) and six combinations of nutrients in the soil [two levels of N (0 and 80 kg N ha�1; N0 and
N80) and three levels of P (0, 40 and 80 kg P ha�1; P0, P40 and P80)]. Simple linear regressions were applied. *** p < 0.001, ns: not significant.

Fig. 3. Relationships between isoprene emission rate and leaf N, P and N:P contents of poplar Oxford clone in September 2016 under three O3 concentrations (AA, ambient O3

concentration; 1.5 � AA; 2.0 � AA) and six combinations of nutrients in the soil [two levels of N (0 and 80 kg N ha�1; N0 and N80) and three levels of P (0, 40 and 80 kg P ha�1; P0,
P40 and P80)]. Simple linear regressions were applied in the relationships with leaf N or P contents. Quadratic functions were applied in the relationships with leaf N:P ratios. **
p < 0.01, * p < 0.05, ns: not significant.
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dark respiration rate (Fig. 2A). In fact, O3 enhanced the rate of dark
respiration although it did not affect net photosynthesis in July.
Elevated dark respiration after O3 exposure was similarly reported
in Japanese Siebold’s beech (Fagus crenata; Hoshika et al., 2013),
European beech (Fagus sylvatica; Kitao et al., 2009) and Scots pine
(Pinus sylvestris; Sk€arby et al., 1987). The positive relationship be-
tween dark respiration and isoprene emission is in agreement with
the fact that respiration and the MEP pathway for isoprene
biosynthesis share a common substrate as previously discussed by
Loreto et al. (2007). The increase of respiration may indicate a
raised metabolic activity of detoxification processes to cope with
the oxidative stress induced by O3 (Matyssek and Sandermann,
2003). This implies that leaves may be able to detoxify and repair
O3 damage thanks to catabolic respiratory processes while emitting
isoprene (Fares et al., 2006; Loreto and Velikova, 2001).

Ozone may promote a decrease of physiological parameters as
an accelerated leaf senescence (Paoletti, 2007). In September, as
leaves aged, isoprene emission rate was decreased due to the
6

associated decrease in PN and Ciso (Fig. 1; Table 2). In addition, after
prolonged exposure, O3 induced decreases of these parameters in
this month. Ozone-induced injury may occur when O3 dose ex-
ceeds antioxidant defense capacity (Paoletti, 2007). It has also been
reported that the defense capacity against oxidative stress declined
in older leaves (Fares et al., 2010; Peltonen et al., 2005). As a result,
O3 increased isoprene emission in July but decreased it in
September, indicating that the isoprene response to O3 was hor-
metic, which is generally caused by the possible biological accli-
mation to stressors (Agathokleous et al., 2019). In September, the
decrease of isoprene emission rate due to O3 exposure correlated
with a reduction of net photosynthesis, while dark respiration was
no more significantly correlated with isoprene emission (Fig. 2B). A
decrease in isoprene emission has been associated to a damage to
photosynthesis by abiotic stress such as drought in manipulative
experiments (e.g., Brilli et al., 2007), and confirmed by a recent
meta-analysis (Feng et al., 2019b). In particular, Calfapietra et al.
(2007) reported that the inhibition of isoprene emission after O3



Fig. 4. Relationships between isoprene emission rate or the percentage of photosyn-
thetic carbon lost as isoprene (Ciso) and leaf ABA contents of poplar Oxford clone in
September 2016 under three O3 concentrations (AA, ambient O3 concentration;
1.5 � AA; 2.0 � AA) and six combinations of nutrients in the soil [two levels of N (0 and
80 kg N ha�1; N0 and N80) and three levels of P (0, 40 and 80 kg P ha�1; P0, P40 and
P80)]. Simple linear regressions were applied. ** p < 0.01, * p < 0.05, ns: not significant.
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exposure may be due to a reduction of isoprene synthase protein
levels.

4.2. Effects of nitrogen and phosphorus on isoprene emission and
leaf gas exchange

High N availability in the soil may stimulate photosynthesis,
which, in turn, results in higher rates of isoprene emission (Litvak
et al., 1996; Monson et al., 1994). In fact, isoprene emission rate
was positively correlated with leaf N content in control plants (AA)
in September (Fig. 3). This is consistent with previous findings for
other species (Mucuna sp.: Harley et al., 1994; P. tremuloides and
Quercus rubra: Litvak et al., 1996; P. cathayana: Yuan et al., 2017).
Such positive effect of N on isoprene emissionwas not clear at AA in
July. Monson et al. (1994) suggested that the N effect on isoprene
emission may vary with leaf developmental stage.

Another important macronutrient influencing the change of
isoprene emission was phosphorus (P). Tukey’s test revealed that
P80 treatment decreased isoprene emission rate at AA in
September (Fig. 1) although themain effect of P was not statistically
significant (Table 2). In fact, isoprene emission was negatively
correlated with leaf P content in September (Fig. 3). This was
supported by the finding in Phragmites australis (Fares et al., 2008)
and by a meta-analysis (Fern�andez-Martínez et al., 2018). This
negative relationship between isoprene emission and leaf P content
was not explained by a photosynthetic limitation, because we did
not find a negative relationship between PN and foliar P (data not
shown). Fern�andez-Martínez et al. (2018) mentioned the possibility
that high pyruvate content in P-treated plants may efficiently
control mitochondrial respiration competing with the MEP
pathway for isoprene synthesis. However, mechanisms to explain
the decoupling of isoprene emission from photosynthesis under P-
rich conditions remain unclear (Fares et al., 2008).

Isoprene emissions showed quadratic responses to leaf N:P ratio
in control plants (AA) (Fig. 3), with an optimal N:P ratio (approxi-
mately 15) where isoprene is emitted at the highest rate.
Fern�andez-Martínez et al. (2018) found that the optimal N:P ratio
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for isoprene emission ranged from 10 to 40, depending on plant
species. The N:P ratio may not be always suitable for plants to
discuss the nutrient limitation because we sometimes do not find
any significant relationships between the N:P ratio and physio-
logical parameters. However, we found the optimal N:P ratio where
isoprene was emitted at the highest rate as reported by Fern�andez-
Martínez et al. (2018). According to the general theory by
Koerselman and Meuleman (1996), it was suggested that N:P ratios
<14 indicate limitation by N and those >16 indicate limitation by P
for plant productivity while 14< N:P ratios <16 imply co-limitation.
The observed optimal N:P ratio therefore indicated that isoprene
emission from poplar leaves was co-limited by N and P under
ambient O3 (AA).
4.3. Interactive effect of ozone, nitrogen and phosphorus on
isoprene emission and leaf gas exchange

An interaction of O3 and N on isoprene emission occurred in the
later growing season (Figs. 1 and 3). In September, in fact, no sig-
nificant relationships between isoprene emission and leaf N con-
tent was found at the highest O3 level (2.0 � AA). Ozone did not
significantly affect leaf N content (Fig. S2), but decreased PNUE
(Table 3). We therefore postulate that the decrease of isoprene
emission at 2.0 � AA O3 exposure was not mainly due to the
decrease in leaf N content, but due to the decrease of PNUE. The
decrease of PNUE might be due to a reduced allocation of N to the
photosynthetic machinery following O3 exposure (Shang et al.,
2019; Watanabe et al., 2013).

Ozone also impaired the isoprene emission response to foliar P
at high O3 concentrations (1.5 � AA, 2.0 � AA) in September. Ozone
suppressed the positive effects of soil P treatments on leaf P content
(Fig. S2). No response of isoprene emission to P may be indirectly
caused by impairment of root functioning for P acquisition under
elevated O3. Indeed, O3 may affect P uptake through changes of
ectomycorrhizal activities in roots, which helps host plants to
absorb essential nutrients, such as P (Grebenc and Kraigher, 2007).
Our previous investigations confirmed that the colonization rate of
ectomycorrhizal fungi in our poplar roots was higher in P0 than in
P80 for the Oxford poplar clone (Mrak et al., 2020).

It has been reported that the optimal N:P ratio for plant growth
and physiology may depend on geography, temperature, and other
climatic factors (Reich and Oleksyn, 2004). Fern�andez-Martínez
et al. (2018) postulated that evolution of isoprenoids may be
linked to nutrient availability. However, they also mentioned that
isoprene emission is highly variable, suggesting an influence of
specific factors such as recent abiotic stressors (i.e. air pollution). In
fact, there was no dependency of isoprene emission on leaf N:P
ratio in 2.0 � AA. Although foliar N and P can be used as a proxy for
the isoprene emission (Fern�andez-Martínez et al., 2018), the results
indicate that O3 impaired the isoprene emission response to foliar N
and P in Oxford poplar clone.
4.4. Is isoprene emission rate under high ozone, nitrogen and
phosphorus related to leaf abscisic acid content?

The variation of isoprene emission rate after O3 exposure in
September was correlated with leaf ABA content (1.5AA and 2.0AA)
(Fig. 4). It is known that isoprene metabolism is linked with ABA
biosynthesis as indicated by previous studies (e.g., Barta and Loreto,
2006). Ozone increased leaf ABA content in plants grownwith high
nutritional availability (Fig. S1), which relates to a premature leaf
senescence due to O3 exposure (Cotrozzi et al., 2017; Podda et al.,
2019). Plants with high soil nutrition often favor the replacement
of damaged leaves by new leaf growth to alleviate the productive
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decline induced by O3 (Pell et al., 1995). This is confirmed by the fact
that O3 increased leaf shedding and new leaf growth in Oxford
clone when grown under high nutritional conditions in the soil
(Hoshika et al., 2019). As a result, O3maymodify the biosynthesis of
ABA eventually in association with isoprene metabolism through
the activity of MEP pathway. No significant difference in Ciso was
found among O3 treatments in plants with high nutritional avail-
ability (e.g. N80P80) (Fig. 1). This indicates that those poplar plants
maintained the allocation of photosynthates to isoprene emission
even in O3 damaged leaves, which may help to control the amount
of ROS during a cellular degradation process such as a premature
senescence after O3 exposure (Sun et al., 2012). This hypothesis will
be validated in further studies.
5. Conclusions

Ozone increased isoprene emission of poplar leaves in July but
decreased it by the end of the growing season (i.e., September). In
July, the increase of isoprene emission was not related to an
enhanced photosynthetic rate, but to an increase of dark respiration
rate, suggesting an activation of metabolism against O3 stress. In
contrast, in September, the decrease of isoprene emission rate due
to O3 was related to an impaired photosynthesis, while dark
respiration did not significantly correlate with isoprene emission.
The seasonal response of isoprene may be related to the different
doses of O3 and leaf ages (Fares et al., 2010; Feng et al., 2019b).

Ozone modified the response of isoprene emission to different
nutritional availabilities due to an impairment of efficient nutrient
use or nutrient uptake. Nitrogen increased the rate of isoprene
emission, while P decreased it. However, those responses to N or P
were not observed at the highest level of O3. Isoprene emission rate
under elevated O3 increased with increasing leaf ABA content,
suggesting an acceleration of leaf senescence in the combination of
O3 and high nutritional availability in the soil (Podda et al., 2019).
The replacement of damaged leaves by new leaf growth may be a
response to alleviate the productive decline induced by O3 (Pell
et al., 1995; Hoshika et al., 2020a). The variation of isoprene emis-
sion under high O3, N and P may affect such an ecophysiological
response of coping with O3 stress through driving the turnover of
the leaves.

The results suggest that soil N and P availability can be used as a
factor to influence the changes in isoprene emission rates, and that
interaction of O3 and nutritional conditions should be considered
for estimating future isoprene emission rate and atmospheric
chemical processes.
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