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Abstract 

The CO2 diffusion conductance within the leaf mesophyll (gm) is considered a major limiting factor of photosynthesis. 
However, the effects of the major secondary air pollutant ozone (O3) on gm have been poorly investigated. Eight geno-
types of the economically important tree species Populus × canadensis Moench were exposed to 120 ppb O3 for 21 
d. gm showed a genotype-dependent response to O3-induced oxidative stress and was a major limiting factor of net 
assimilation rate (Anet), ahead of stomatal conductance to CO2 (gsc) and of the maximum carboxylation capacity of the 
Rubisco enzyme (Vcmax) in half of the tested genotypes. Increased leaf dry mass per area (LMA) and decreased chloro-
phyll content were linked to the observed gm decrease, but this relationship did not entirely explain the different geno-
typic gm responses. Moreover, the oxidative stress defence metabolites ascorbate and glutathione were not related to 
O3 tolerance of gm. However, malondialdehyde probably mitigated the observed gm decrease in some genotypes due 
to its oxidative stress signalling function. The large variation of gm suggests different regulation mechanisms amongst 
poplar genotypes under oxidative stress.

Keywords:  Genotypic variability, mesophyll conductance, oxidative stress, ozone, photosynthesis, Populus.

Introduction

The capacity of CO2 to diffuse from the intercellular air-
space within a leaf to the site of Rubisco carboxylation within 
chloroplasts is defined as mesophyll conductance (gm) (Evans 
and Caemmerer, 1996). It can considerably limit photosyn-
thesis under both stress and non-stress conditions (Evans et 
al., 2009; Flexas et al., 2012, 2018). This limitation can be of 
similar or even greater magnitude than those caused by stom-
atal conductance (gs), the maximum carboxylation capacity of 
Rubisco (Vcmax), or the maximum rate of electron transport 
(Jmax) driving ribulose 1,5-bisphosphate (RuBP) regeneration 
within the Calvin–Benson cycle (Grassi and Magnani, 2005; 

Evans and Caemmerer, 2013; Gago et al., 2020). However, the 
improvement of plant photosynthesis has so far mainly been 
focused on the modification of the stomatal dynamics or the 
enhancement of Rubisco capacity (Lawson and Vialet-Chab-
rand, 2019; South et al., 2019; Flexas et al., 2021). In addition, 
it is now broadly accepted that a meaningful quantification 
of photosynthetic limitation is only valid when including gm 
and in turn Vcmax and Jmax based on the CO2 partial pressure 
in the chloroplast stroma (Cc) (Sun et al., 2014a; Flexas et al., 
2018). Consequently, gm was recently included in global carbon 
cycle models because its omission would lead to significant 
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underestimation of Vcmax and Jmax, and of gross primary pro-
ductivity (Sun et al., 2014a, b; Knauer et al., 2019, 2020).

Within short and long time periods, gm is highly respon-
sive to various abiotic stresses including the major secondary 
air pollutant ozone (O3) (Flexas et al., 2008, 2018; Xu et al., 
2019, 2020). An ever-increasing frequency of heatwaves and 
precursor emissions (e.g. nitrogen oxides, volatile organic com-
pounds, CH4, and CO) is fostering O3 formation and thus 
causing higher background concentrations and more frequent 
events of temporary exposure to elevated O3 levels on a global 
scale (Fowler et al., 2008; Sicard et al., 2017; Schaub et al., 2018; 
Zhang et al., 2019). O3 is well known to generate reactive ox-
ygen species (ROS) and ultimately oxidative stress (Gill and 
Tuteja, 2010; Noctor et al., 2018), which decrease plant growth 
and productivity (Wittig et al., 2009; Proietti et al., 2016; Jolivet 
et al., 2016; Paoletti et al., 2020). To counteract increased levels 
of ROS, plants possess a pool of antioxidants, amongst which 
ascorbic acid and glutathione (GSH) play a predominant role 
in mitigating O3 damage at the cellular level (Zechmann, 
2011). The apoplastic antioxidant metabolism influences gm by 
modifying the cell wall composition under salt and drought 
stresses (Clemente‐Moreno et al., 2019), suggesting an impor-
tant role of the cell detoxification capacity within the gm re-
sponse to stress. Besides that, it was suggested that O3 induces 
an increased synthesis of stress lignin in poplar mesophyll cells, 
thus increasing cell wall lignification (Cabané et al., 2004). This 
might enhance ROS resistance either through antioxidant or 
a barrier effect (Pell et al., 1997; Oksanen et al., 2005), but also 
causing gm to decline due to a higher cell wall resistance (Flexas 
et al., 2021).

O3 impairs photosynthesis in several species due to a neg-
ative impact on both stomatal and non-stomatal components 
(Wittig et al., 2009; Paoletti et al., 2020). At the stomata level, 
O3 decreases CO2 availability by impairing the opening–
closing mechanism, leading to so-called stomatal sluggishness. 
This is mainly caused by a disturbed signal transduction as a 
result of a malfunctioning ion flux and inhibited expression of 
the key genes involved in the process (Dumont et al., 2014). 
Consequently, the O3 influx but also CO2 uptake is reduced 
(Paoletti and Grulke, 2010). O3 can have a significant effect 
on gm, particularly due to changes in the structural character-
istics of the leaf mesophyll (Günthardt-Goerg, 1996; Paoletti 
et al., 2009). However, conflicting results have been obtained 
regarding a possible relationship between gm and O3-modified 
leaf traits (Xu et al., 2019, 2020). The biochemical capacity is 
substantially affected by O3, as a large number of key enzymes 
within the Calvin–Benson cycle and notably the amount and 
capacity of Rubisco are down-regulated (Heath, 2008). Al-
though the activity of phosphoenolpyruvate carboxylase, a cy-
tosolic carboxylase, is in turn stimulated under O3, it cannot 
compensate for the amount of CO2 previously fixed by Ru-
bisco (Dizengremel, 2001). However, inconsistent results have 
been obtained regarding the impact of O3 on Cc-based Vcmax 
and its contribution to Anet limitation (Xu et al., 2019, 2020; 

Hoshika et al., 2020). Nevertheless, a gm-induced reduction 
in CO2 availability might be more determinative than Vcmax 
in limiting Anet under O3 and high temperature when gm is 
included within the estimation of Vcmax, as suggested by Xu  
et al. (2020).

gm shows a considerable intra- and interspecific variability 
depending on the taxonomic group, especially in its effect on 
leaf functional traits (Flexas et al., 2018). The model tree poplar 
displays a large gm variability under various conditions within 
the genus (Flexas et al., 2008; Knauer et al., 2019). Such differ-
ences could be useful to further enhance our general under-
standing of gm by identifying the underlying factors that drive 
gm regulation under stress (Elferjani et al., 2021). Previous work 
has already found gm to be the main factor limiting Anet under 
O3-induced oxidative stress in a single poplar genotype (Xu 
et al., 2019), yet its variability within the poplar genus still re-
mains largely unclear.

Eight contrasting genotypes of the most frequently culti-
vated poplar hybrid in Europe, Populus × canadensis Moench 
(Monclus et al., 2006), were exposed to chronically elevated 
O3 in order to (i) quantify the impact of O3-induced oxida-
tive stress on gm, (ii) characterize the assumed genotypic dif-
ferences in sensitivity of gm, (iii) obtain the magnitude of gm 
limitation and its contribution to the O3-induced decline of 
Anet, and (iv) investigate the potential link between the gm re-
sponse to O3 and modifications of leaf traits and of the cell 
redox status.

Materials and methods

Plant material and ozone exposure
Cuttings of eight Populus × canadensis Moench (Populus deltoides × nigra) 
genotypes, Agathe F (AF), Dorskamp (DK), I-214, I45/51, Koster (KT), 
Oudenberg (OB), Robusta (RB), and Soligo (SL), were grown for 5 
weeks in 10-litre pots filled with potting soil (Terreau Uni Alsa LFc, 
Gramoflor SPI Universel) on a 2-cm layer of clay pebbles, and fertil-
ized with slow-release 13:13:13 N:P:K fertilizer (Nutricote T 100 Fer-
til, Boulogne-Billancourt, France). The temperature, relative humidity, 
and photoperiod of eight climate chambers were set at 23/18 °C (day/
night), 65 ± 5% and 14 h (300 ± 30 µmol m−2 s−1 photosynthetic photon 
flux density (PPFD) at leaf height), respectively. The growth conditions 
were recorded individually in each chamber and verified to be similar 
throughout the growth period. Eight replicates of each genotype were 
evenly distributed in the eight climate chambers. After an acclimation pe-
riod of 7 d, four chambers were treated daily with O3 at 120 ± 5 ppb for 
13 h per day for 21 d, whereas the other four were exposed to charcoal-
filtered air. O3 was produced from pure O2 by an O3 generator (OZ500, 
Fischer, Bonn, Germany; and CMG3-3, Innovatec II, Rheinbach, Ger-
many). The O3 concentration in the climate chambers was continuously 
monitored by an O3 analyser (O341M, Environment S.A., Paris, France). 
The plants were watered daily with tap water and rotated regularly to 
avoid any positioning effect. All measurements and samplings were done 
on four biological replicates per treatment and per genotype.

Gas exchange and chlorophyll fluorescence
Gas exchange and chlorophyll fluorescence measurements were per-
formed in a growth chamber with a LI-6400 infra-red gas analyser  
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(LI-COR Inc., Lincoln, NE, USA) with an integrated fluorescence 
chamber head (LI-6400-40). The cuvette temperature was set at 25 °C, 
the light intensity at 1000 μmol m2 s−1, the air flow at 300 μmol s−1, the 
CO2 level at 400 µbar, relative humidity between 65% and 85%, and the 
vapour pressure deficit was maintained below 1.2 kPa. Measurements 
were performed on the youngest fully expanded mature leaf of each plant 
after 30 min of acclimation to reach steady state of the photosynthetic 
parameters and during a time window that was at least between 2 h after 
or before the end of the photoperiod. Besides gas exchange, chlorophyll 
fluorescence parameters were recorded by a leaf fluorometer following 
a saturating pulse of 10 mmol m2 s−1 for 1  s using a multiphase flash 
(Loriaux et al., 2013). The quantum yield of photosystem II (ΦPSII) was 
calculated according to Genty et al. (1989):

ΦPSII =
(F′

m − Fs)
F′
m�  (1)

where Fs is the steady state fluorescence under the prevailing light condi-
tions and Fmʹ is the maximal fluorescence during a short saturating pulse 
of light. The actual photochemical efficiency under saturated light was 
calculated as follows:

F′
v/F

′
m =

F′
m − F′

o

F′
m�  (2)

where Fvʹ is the variable fluorescence of a light-adapted leaf and Foʹ is 
the minimal fluorescence from a light adapted leaf measured immediately 
after switching off the actinic light (Murchie and Lawson, 2013). The 
electron transport rate estimated from chlorophyll fluorescence (JF) was 
calculated according to Genty et al. (1989) as follows:

JF = ΦPSII × PPFD× α× β�  (3)

where PPFD is the photosynthetically active photon flux density incident 
on the leaf, α is the leaf absorbance (0.87), and β is the fraction of photons 
absorbed by PSII (0.5).

Estimation of gm, Rd, Г*, Ci*, and Vcmax

gm was estimated by means of the variable J method, according to (Harley 
et al., 1992):

gm =
Anet

Ci − Γ∗ (J+8(Anet+ Rd))
J−4(Anet+Rd)�  (4)

where Anet is the net CO2 assimilation rate, Rd is the day mitochondrial 
respiration, Ci is the CO2 partial pressure in the intercellular air spaces, 
Г* is the CO2 compensation point in the absence of mitochondrial res-
piration, and J is the rate of photosynthetic electron transport derived 
from chlorophyll fluorescence (Eq. 3) and corrected based on the em-
pirical relationship between JF and the electron transport rate calculated 
from gas exchange (Ja) measured at low O2. To account for alternative 
electron sinks and to convert chlorophyll fluorescence estimates of elec-
tron transport rates to the actual transport rate (J), CO2 response curves 
were obtained at a 1.5% O2 concentration to establish the relationship 
between JF and Ja (Warren, 2006; Pons et al., 2009). The relationship was 
then expressed as Ja=bF(JF+c), where bF (1.101  ±  0.02 in control and 
1.047 ± 0.03 under O3; Supplementary Fig. S1) is the slope of a linear re-
lationship between Ja and JF with the constant c. Band-broadening effects 
of oxygen in the measuring wavelength were corrected for according to 

the manufacturer’s instructions (LI-6400, LI-COR). All gm values were 
measured at 400 µbar ambient pCO2.

The CO2 response curves were obtained measuring Anet stepwise at 
400, 300, 200, 150, 100, 50, 400, 600, 800, 1000, 1400, and 1800 µbar 
ambient pCO2 and a PAR of 1000 μmol m−2 s−1. The Laisk method was 
used to estimate Rd and the intercellular CO2 compensation point (Ci*), 
which serves as an estimate of Г* (Warren and Dreyer, 2006). Briefly, 
quick CO2 response curves were obtained by measuring Anet under three 
different irradiances (125, 250, and 500 μmol m−2 s−1) and at 400, 250, 
150, 120, 100, 80, and 60 µbar ambient pCO2 (only the linear section of the 
CO2 curves were used for analysis). Then, Rd (0.4. in control, 0.8 µmol 
m−2 s−1 under O3) and Ci* (35 µbar for both treatments) were obtained as 
the respective y- and x- axis coordinates of the common intersections of 
the fitted linear regressions (Laisk and Loreto, 1996) (Supplementary Fig. 
S2). The maximum carboxylation capacity of Rubisco (Vcmax) and the 
maximum electron transport rate (J1000) were obtained using the FitAci 
function of the Plantecophys package in R (Duursma, 2015; R Core 
Team, 2018). Therein, the respective Michaelis–Menten constants Kc and 
Ko for CO2 and O2, were set at 259 μbar and 179 mbar, according to 
von Caemmerer et al., (1994). The Rd and Г* used were obtained by the 
Laisk method. Besides apparent Vcmax(Ci) and J1000(Ci), which are based 
on Anet–Ci response curves, Vcmax(Cc) and J1000(Cc) based on Anet–Cc re-
sponse curves were also calculated using the estimated gm.

Quantitative limitation analysis of photosynthesis
The relative Anet limitations due to mesophyll conductance (lm), stomatal 
conductance to CO2 (ls), and biochemical capacity (lb) were quantified 
according to Grassi and Magnani (2005) as follows:

lm =
gtot/ggm × ∂A/∂CC

gtot + ∂A/∂CC�  (5)

ls =
gtot/ggsc × ∂A/∂CC

gtot + ∂A/∂CC�  (6)

lb =
gtot × ∂A/∂CC

gtot + ∂A/∂CC�  (7)

where gtot is total conductance to CO2 between the leaf surface and car-
boxylation sites, calculated as 1/gtot=1/gsc+1/gm, and ∂A/∂Cc is the linear 
slope of the range from 60 to 150 µbar CO2 within the measured A–Cc 
curves.

The corresponding contributions of limited gm (MCL), gsc (SL), and 
Vcmax (BL) to the Anet decrease under O3 exposure were calculated as:

MCL = lm × ∆ gm/gm�  (8)

SL = ls × ∆ gsc/gsc�  (9)

BL = lb ×
∆ ∂A/∂CC

∂A/∂CC�  (10)

where Δ is the difference between the control and O3 groups.
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Quantification of ascorbate, glutathione, and malondialdehyde 
by LC-MS
Leaves previously stored at −80 °C were ground in a mortar filled with 
liquid nitrogen. One hundred milligrams of plant powder was suspended 
in 1 ml of 0.2 M HCl and homogenized using a Vibration Mill Mixer 
(Qiagen, Venlo, The Netherlands) for 3  ×  30  s. The samples were re-
immersed in liquid nitrogen between each of the three 30-s runs to pre-
serve them. The homogenates were centrifugated at 14 000 g at 4 °C 
for 15 min. Each supernatant was collected and filtered through a 0.22 
µm polyvinylidene difluoride syringe filter. Ultra-HPLC analyses were 
performed on an Acquity Arc system (Waters Corp., Milford, MA, USA). 
Separation was carried out by injecting the samples on a Kinetex EVO 
C18 column (100 × 2.1 mm, 2.6 µm particle size, Phenomenex, Danaher 
Corp., Washington DC, USA) protected by a SecurityGuard ULTRA 
cartridge (Phenomenex). The mobile phase consisted of Milli-Q water 
with 0.01% (v/v) of formic acid (solvent A) and acetonitrile with 0.01% 
(v/v) of formic acid (solvent B) at a flow rate of 0.4 ml min−1. The ana-
lytes were separated through a gradient of 0–50% acetonitrile, starting 
with 0% B for 1 min and reaching 50% B after 6 min. The column was 
washed with 95% B for 3 min, and re-equilibrated in the starting condi-
tions for 5 min. Autosampler and column temperatures were maintained 
at 4 and 30 °C, respectively. The analytes were detected using an Acquity 
QDa mass spectrometer equipped with a ZSpray electrospray ionization 
source (Waters Corp.). Ionization was operated in the negative mode to 
identify and quantify the reduced and oxidized forms of ascorbate (m/z 
176.1 and 174.1, respectively) and in the positive mode for malondial-
dehyde (m/z 72.1) and the reduced and oxidized forms of glutathione 
(m/z 308.3 and 613.6, respectively). Ascorbate, glutathione, and malo-
ndialdehyde were quantified using MassLynx Software (Waters Corp.) by 
measuring the area of the peak corresponding to each analyte. Standard 
solutions at 0.5 mM for the reduced from of ascorbate (ASA), oxidized 
from of ascorbate (DHA), and reduced form of glutathione (GSH), and 
0.01 mM for the oxidized form of glutathione (GSSG) in 0.2 M HCl 
were freshly prepared and analysed in the same conditions as the samples 
to determine the concentrations of each component in the plant tissue 
extracts.

Chlorophyll and flavonol contents
Chlorophyll and flavonol contents were measured using a Dualex Scien-
tific portable leaf-clip meter (Force-A, Orsay, France). The values were 
the means of four different areas across the leaf. The Dualex device meas-
ured the transmitted light in the far-red (~720  nm) and near-infrared 
spectra (~820 nm). Then, the chlorophyll content was calculated as the 
transmittance ratio of these two wavelengths. The flavonol content was 
assessed by sequential measurement of leaf fluorescence at 375 nm and 
650 nm, in relative absorbance units.

Plant and leaf traits
Poplar shoot height and diameter, number of leaves, total leaf area, and 
leaf and stem fresh weight were measured before and after O3 treatment. 
Leaves and shoots were dried at 65 °C for 4 d, and dry weight was meas-
ured. The total leaf area of each plant was measured using a LI-3050A 
planimeter (LI-COR). The leaf mass per area (LMA) was calculated as 
leaf dry mass (g)/total leaf area (m2).

Statistical analyses
All statistical analyses were performed in R (R Core Team, 2018). A 
two-way ANOVA (emmeans (Lenth et al., 2018) and rstatix (Kassambara, 
2020) packages) was run with genotype and treatment as factors to test 
their effects on the different parameters. The ANOVA assumptions of 
normality and homoscedasticity were checked by performing a Shapiro 

test and a Levene test, respectively. When requirements were not met, the 
data were log-transformed. In the case of a significant effect, a post hoc 
analysis was performed using a Tukey multiple pairwise comparison test 
using the glht function (multcomp package; Hothorn et al., 2009) to ob-
tain the significantly different subsets. The statistical relationships between 
treatments and genotypes were explored by linear and non-linear regres-
sion analyses, depending on which model fitted best. For each correla-
tion, the Pearson correlation coefficient, the coefficient of determination, 
and the respective P-values were obtained using the ggscatter function 
(ggpubr package; Kassambara and Kassambara, 2020) and Microsoft Office 
Excel, 2019.

Results

Different responses of gm and gsc to O3

Mesophyll (gm), stomatal (gsc), and total (gtot) conductance to 
CO2 were estimated in eight Populus×canadensis Moench gen-
otypes exposed to O3 or charcoal-filtered air (Fig. 1A–C). In 
the control plants, gm was on average 0.24 mol m−2 s−1 bar−1 
(min. 0.18 ± 0.02 in I214; max. 0.29 ± 0.05 in AF) (Fig. 1A). 
The gm response to O3 was characterized by genotypic varia-
bility: AF, I214, I45/51, KT, RB, and SL displayed a significant 
average decrease of 61% whereas DK and OB were not sig-
nificantly affected. The maximum and minimum O3-induced 
gm decreases were 72% in SL and 31% in DK. To account for 
potential error in the parameterization of the model and in 
the determination of gm, a sensitivity analysis was performed, 
varying Г* and J accordingly, which confirmed the large de-
crease in gm under O3 and genotypic variability when assuming 
a ±10% error (Supplementary Tab. S1). No major differences 
were observed in the Г* value determined with the Laisk 
method, neither between genotypes nor between treatments. 
In addition, there was an overall good fit of the linear portion 
of the curves in all genotypes (Supplementary Fig. S2).

Stomatal conductance to CO2 (gsc) was 0.22 ± 0.01 mol m−2 
s−1 on average in the control plants, and 0.15 ± 0.01 mol m−2 
s−1 in the O3-treated plants (Fig. 1B), with all genotypes signif-
icantly affected. The O3-induced gsc decrease ranged from 54% 
in AF to 15% in RB. The response of gtot to O3 also showed 
genotypic variability as all genotypes except DK were signif-
icantly affected (Fig. 1C). SL was the most affected genotype, 
with a 63% decrease.

O3 affects photosynthesis in poplar genotypes

The net assimilation rate (Anet) was 22.3  ±  0.75 μmol m−2 
s−1 on average in the control plants (min. 18.12 in AF; max. 
25.02 in SL) (Fig. 2A). Under O3 exposure, the average value 
decreased by 30% to 15.5 ± 0.74 μmol m−2 s−1 (min. 12.88 
in AF; max. 19.8 in DK). Thus, DK showed the lowest de-
crease (15%) and SL the highest (47%). Stomatal conductance 
to water vapour (gs) was 0.35 ± 0.02 mol m−2 s−1 in the con-
trol plants and 0.24 ± 0.02 mol m−2 s−1 under O3 exposure, 
and hence a 32% decrease on average (Supplementary Fig. S3). 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erac154/6569228 by guest on 31 M

ay 2022

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac154#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac154#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac154#supplementary-data


Copyedited by: OUP

gm response to ozone in poplar  |  Page 5 of 17 

However, this decrease ranged from 15% in RB to 54% in 
AF. The quantum yield of photosystem II (ΦPSII) was affected 
under O3 exposure, with I45/51 and SL showing the greatest 
decreases (23% and 25%, respectively) (Fig. 2C). The efficiency 

of PSII under saturated light (Fmʹ/Fvʹ) was 0.70 ± 0.02 on av-
erage in the control plants versus 0.59 ± 0.02 under O3 expo-
sure, amounting to a significant 16% decrease (Fig. 2D).

Fig 1.  Mesophyll conductance (gm, A), stomatal conductance to CO2 
(gsc, B), and total conductance (gtot, C) of eight Populus × canadensis 
Moench genotypes, Agathe F (AF), Dorskamp (DK), I-214, I45/51, Koster 
(KT), Oudenberg (OB), Robusta (RB), and Soligo (SL), exposed to filtered 
air (control) or elevated O3 (ozone) and measured at 1000 μmol m−2 s−1 
PPFD and 400 µbar CO2 partial pressure (mean ±SE; n=4). Statistical 
results of a two-way ANOVA: G, genotype; O3, treatment; and G×O3, 
interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, 
non-significant). Significant effects of the O3 treatment are indicated with a 
single asterisk when the G×O3 interaction was significant (P<0.05).

Fig 2.  Net assimilation rate (Anet, A), quantum yield of photosystem 
II (ΦPSII, B), and photochemical efficiency of PSII under saturated light 
(Fvʹ/Fmʹ, C) of eight Populus × canadensis Moench genotypes exposed 
to filtered air (control) or elevated O3 (ozone) measured at 1000 μmol m−2 
s−1 PPFD and 400 µbar CO2 partial pressure (mean ±SE; n=4). Statistical 
results of a two-way ANOVA. G, genotype; O3, treatment; and G×O3, 
interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; 
ns, non-significant). Significant effects of the O3 treatment are indicated 
with a single asterisk when the G×O3 interaction was significant (P<0.05). 
Genotype abbreviations as in Fig. 1.
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Effect on CO2 partial pressure at the leaf intercellular 
airspace and at the carboxylation sites in the 
chloroplasts

The CO2 partial pressures within the intercellular airspace 
(Ci) and the chloroplast (Cc) and their difference (Ci−Cc) 
were characterized by a genotype-dependent response under 
O3 exposure (Fig. 3A–C). Ci was significantly affected by O3 
only in AF (−23%), while all other genotypes remained unaf-
fected (Fig. 3A). Cc was 167.23 ± 6.74 µbar on average in the 
control plants, but decreased by 29% to 118.95 ± 4.73 µbar 
under O3 exposure (Fig. 3B). All genotypes except I45/51 
showed a significant decrease. AF showed the maximum one 
(45%). Ci−Cc was 100.4 ± 5.71 µbar on average in the con-
trol plants, and increased by 45% to 145.4 ± 9.51 µbar under 
O3 exposure (Fig. 3C). Yet, only I45/51, RB, SL, and KT 
were significantly affected; KT showed the greatest increase 
(104%).

Different responses of Ci and Cc-based Vcmax

The maximum carboxylation rate of Rubisco (Vcmax) was 
estimated based on the CO2 partial pressure within the chlo-
roplast Vcmax(Cc) or within the leaf intercellular airspace 
Vcmax(Ci). Vcmax(Ci) is also referred to as the apparent car-
boxylation rate. It was 101.2 ± 3.29 μmol m−2 s−1 on average 
in the control plants and decreased by 34% to 66.9 ± 4.06 
μmol m−2 s−1 under O3 exposure (Fig. 4A). Genotypic varia-
bility of Vcmax(Ci) was high: all genotypes except AF and DK 
showed a significant decrease under O3 exposure due to their 
lower initial slope (Supplementary Fig. S4). SL showed the 
highest O3-induced decrease of Vcmax(Ci) (53%). In contrast, 
Vcmax(Cc) was not significantly impaired by O3 exposure but 
the genotypes I45/51 and RB did show a decrease under O3. 
Moreover, Vcmax(Cc) was significantly higher than Vcmax(Ci) 
(P<0.001) in both the treated and control groups (Fig. 4A, 
B; Supplementary Fig. S5). The Cc-based electron transport 
rate (J1000(Cc)) and the J1000(Cc)/Vcmax(Cc) ratio were not sig-
nificantly affected by O3 either, but the genotypes I45/51 
and RB showed a considerable decrease of (J1000(Cc)) as well 
(Fig. 4C, D).

Impaired gm was most limiting for Anet under O3 
exposure in most of the genotypes

The estimation of the three Anet limitations yielded a similar 
range of 34 ± 1.5% for lm, 36 ± 1.2% for ls and 30 ± 1.1% for 
lb on average in the control (Fig. 5A–C). However, lm increased 
significantly in I45/51, KT, RB, and SL under O3 exposure 
(Fig. 5A), while ls remained unchanged whatever the genotype 
(Fig. 5B). In contrast, lb decreased significantly under O3 ex-
posure in all genotypes except I45/51 and OB (Fig 5C). The 
contribution of gm (MCL) to Anet was highest in I45/51, KT, 
and SL under O3 exposure, while gsc (SL) was the main cause 

of the Anet decrease in the sole AF (Fig. 5D). In comparison, 
the biochemical capacity (BL) contributed only marginally to 
the Anet decrease in DK and I214, while RB showed a rather 
evenly distributed share of contributions. In OB, MCL, and SL 

Fig 3.  CO2 partial pressure in the leaf intercellular airspace (Ci, A), at the 
chloroplast sites (Cc, B), and gradient between the two sites (Ci−Cc, C) 
of eight Populus × canadensis Moench genotypes exposed to filtered 
air (control) or elevated O3 (ozone) (mean ±SE; n=4). Statistical results of 
a two-way ANOVA. G, genotype; O3, treatment; and G×O3, interaction 
between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-
significant). Significant effects of the O3 treatment are indicated with 
a single asterisk when the G×O3 interaction was significant (P<0.05). 
Genotype abbreviations as in Fig. 1.
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equally contributed to the Anet decrease under O3 exposure, 
but to a greater extent than BL did.

Changes in antioxidant capacity under O3 exposure

The content of the oxidative stress marker malondialdehyde 
(MDA) increased by 77 ± 9% on average under O3 exposure 
(Fig. 6A). The highest MDA levels were found in DK, I214, 
RB, and OB, and the lowest ones in AF and SL. The flavonol 
content also increased by 26 ± 6% on average under O3 ex-
posure, ranging from 7% in RB to 58% in KT (Fig. 6B). The 
total contents of ascorbate and its reduced (AsA) and oxidized 
(DHA) forms were not significantly affected by O3 exposure 
(Fig. 6C). However, the DHA contents differed considerably 
amongst genotypes: KT had a 2- to 3-fold higher concentra-
tion compared with DK, AF, or SL. The percentage of ASA 
was not affected, but also showed genotypic differences: RB 
displayed the lowest value and DK the highest one (Fig. 6E). 
In contrast, the total glutathione pool increased significantly 
by 13 ± 4% on average (Fig. 6D). The reduced form (GSH) 
showed a 15 ± 4% increase ranging from 5% in RB to 35% in 
SL, while an average 28 ± 7% decrease was found for the oxi-

dized form (GSSG), ranging from 17% in DK to 46% in RB. 
The percentage of GSH increased significantly by 3 ± 0.5%, 
yet without any significant difference among genotypes (Fig. 
6F).

Leaf traits affected, height growth unaffected

Leaf mass per area (LMA) increased by 18 ± 2% on average 
under O3 exposure, ranging from 10% in RB to 27% in I214 
(Table 1). The chlorophyll content decreased significantly by 
21 ± 2% on average, from 10% in OB to 29% in KT (Table 
1). The C-to-N ratio decreased by 39 ± 3% on average, from 
27% in RB to 56% in KT (Table 1). The number of leaves was 
on average 41 ± 3% lower compared with the control plants, 
except in AF and I45/51, which were not significantly affected. 
A decrease of the mean individual leaf area (MILA) of 16 ± 4% 
was observed in DK and KT (4% in DK and 38% in KT) 
(Table 1). Stem height and diameter as well as the daily growth 
rate remained unaffected but showed genotypic differences. 
However, total biomass decreased by 34 ± 3% on average, with 
minimum and maximum decreases of 22% and 49% for I45/51 
and KT, respectively. The highest absolute biomass was meas-
ured in DK, and the lowest one in KT (Table 1).

Fig 4.  Ci-based (Vcmax(Ci), A) and Cc-based (Vcmax(Cc), B) maximum carboxylation velocity of Rubisco, Cc-based electron transport rate at 1000 μmol m−2 
s−1 PPFD (J1000(Cc), C), and J1000(Cc)/Vcmax(Cc) ratio (D) of eight Populus × canadensis Moench genotypes exposed to filtered air (control) or elevated O3 
(ozone) (mean ±SE; n=4). Statistical results of a two-way ANOVA. G, genotype; O3, treatment; and G×O3, interaction between the two factors (*P≤0.05, 
**P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment are indicated with a single asterisk when the G×O3 interaction was 
significant (P<0.05). Genotype abbreviations as in Fig. 1.
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Relationship between photosynthetic capacity and leaf 
CO2 conductance

At gm values below 0.26 mol m−2 s−1 bar−1, Anet was linearly pos-
itively related to gm across genotypes and treatments (Fig. 7A). 
At higher gm, Anet reached a plateau while gm was still increas-
ing (Fig. 7A). Anet and gsc showed a linear relationship across all 
genotypes as well as within each of the two treated and con-
trol groups (Fig. 7B). Total conductance, gtot, comprising both gm 
and gsc, also showed a very strong linear relationship with Anet 
(R2=0.83) within each group and across all genotypes (Fig. 7C).

gm is related to LMA and chlorophyll content

gm was negatively related to LMA changes across genotypes 
and the treated versus control groups (Fig. 8A). Therefore, an 
increased LMA was correlated to a gm decrease. However, the 
decrease lessened as LMA increased. Another yet contrasting 
relationship was observed between the chlorophyll content 
and gm, as the two parameters were positively related (Fig. 8B). 
As both relationships were driven by the O3 treatment effect 

rather than by a genotype-dependent response, the total pop-
ulation trend is shown.

A genotype-dependent relationship between gm and 
the MDA content

A lower gm was to some extent related to a higher content in 
oxidative stress marker, i.e. MDA, when considering the entire 
population trend (Fig. 9). However, this relationship differed 
depending on the genotype, so that separate linear regressions 
were fitted. A first group of genotypes including SL, KT, and 
AF showed a severe drop of gm as MDA increased. This group 
had the sharpest slopes while the increase in the MDA concen-
tration was rather small, and was referred to as the most MDA-
responsive group. A second group including DK, I214, I45/51, 
and OB was characterized by a moderate gm drop despite a 
much higher MDA content after O3 exposure. This group 
had lower slopes and is the least MDA-responsive group. RB 
showed an intermediate behaviour, with a significant decrease 
of gm but a higher MDA content.

Fig 5.  Relative limitations of the net assimilation rate (Anet) by mesophyll conductance (lm, A), stomatal conductance to CO2 (ls, B) and biochemistry (lb, 
C), and their respective percentage contributions MCL, SL, and BL to the Anet decrease (D) of eight Populus×canadensis Moench genotypes exposed 
to filtered air (control) or elevated O3 (ozone) (mean ±SE; n=4). In (A–C) statistical results of a two-way ANOVA. G, genotype; O3, treatment; and G×O3, 
interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment are indicated with a 
single asterisk when the G×O3 interaction was significant (P<0.05). In (D) different letters denote significant differences between the limitations within each 
genotype according to Tukey’s post hoc test. Genotype abbreviations as in Fig. 1.
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Discussion

O3 affects gm intra-specifically

This study is the first screening of the gm capacity of poplar 
under chronically elevated O3 and reveals a strong and gen-
otype-dependent response of gm to O3-induced oxidative 

stress (Fig. 1A). Within the control group, a wide range of gm 
values was observed amongst the Populus × canadensis Moench 
genotypes (0.18–0.29 µmol m−2 s−1 bar−1), confirming values 
previously found for the Poplar genus (Flexas et al., 2008; Sool-
anayakanahally et al., 2009; Théroux Rancourt et al., 2015).

Under O3 exposure, gm decreased sharply, resulting in a 
relative Anet limitation of 44% across all genotypes. Since 

Fig 6.  Contents of malondialdehyde (MDA, A), flavonol (B), ascorbate (Asc, C), and glutathione (D) and the percentages of the reduced forms of 
ascorbate (E) and glutathione (F) of eight Populus × canadensis Moench exposed to filtered air (control) or elevated O3 (ozone) (mean ±SE; n=4). 
Ascorbate and glutathione are shown in their two forms: the upper part of the bar (diagonal stripes) represents the oxidized forms of the metabolites 
(DHA and GSSG, respectively), and the lower part (filled) their reduced forms. Statistical results of a two-way ANOVA. G, genotype; O3, treatment;  
and G×O3, interaction between the two factors (*P≤0.05, **P≤0.01, ***P≤0.001; ns, non-significant). Significant effects of the O3 treatment are  
indicated with a single asterisk when the G×O3 interaction was significant (P<0.05). Genotype abbreviations as in Fig. 1.
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chlorophyll fluorescence-based gm estimation can be subject 
to a significant level of uncertainty due to incorrect param-
eterization, particularly of Г* and electron transport rate (J) 
(Walker et al., 2013; Gu and Sun, 2014), a sensitivity analysis 
was performed that confirmed the observed gm response in 
both treatments and all genotypes (Supplementary Table S1). 
gm has been widely reported to respond to environmental 
constraints, several of which are known to induce oxidative 
stress (Elferjani et al., 2021). A gm decrease of a similar mag-
nitude was recently observed in a single Populus deltoides hy-
brid grown in an open-top chamber in the long term (Xu et 
al., 2019). However, our results also showed large genotypic 
variability of the gm response to O3, suggesting that this re-
sponse was genotype-dependent amongst the cultivars. The 
contribution of gm to the observed Anet decrease was mainly 
driven by genotypes I214, KT, I45/51, and notably SL, while 

gsc and the biochemical capacity contributed in a similar 
proportion in DK, OB, and RB (Fig. 5D). Therefore, the 
contribution of gm should be considered on a species- or 
genotype-dependent basis when Anet is limited under O3-
induced oxidative stress. In addition, as the highly gm-limited 
genotypes are more susceptible to a lower Anet under stress 
conditions, they may be less suitable for cultivation in a con-
strained environment.

In contrast to previous studies (Harmens et al., 2017; Xu et 
al., 2019, 2020), all poplar genotypes showed a significant gsc 
decrease under chronic O3 exposure (Fig. 1B). O3-triggered 
stomatal closing (Dumont et al., 2014) has been widely re-
ported and suggested to be a major determinant of the pho-
tosynthetic capacity under elevated O3. However, our study 
showed that ls did not increase or only slightly increased under 
O3 exposure in all genotypes but AF (Fig. 5B), suggesting 

Fig 7.  Relationship between the net assimilation rate (Anet) and mesophyll conductance (gm, A), stomatal conductance to CO2 (gsc, B), and total 
conductance (gtot, C) of Populus × canadensis Moench genotypes exposed to filtered air (control, circles) or elevated O3 (ozone, triangles) (n=4). R² as a 
result of linear and non-linear regression analysis is indicated for the whole sample with the respective P-values. Colour code: AF, brown; DK, dark green; 
I214, bright blue; I45/51, dark grey; KT, dark blue; OB, bright green; RB, red; SL, purple.

Fig 8.  Relationship between mesophyll conductance (gm) and leaf mass per area (LMA, A) and the chlorophyll content (B) of eight Populus × canadensis 
Moench exposed to filtered air (control, circles) or elevated O3 (ozone, triangles) (n=4). R² as a result of linear and non-linear regression analysis is 
indicated for the whole sample with the respective P-values. Colour code: AF, brown; DK, dark green; I214, bright blue; I45/51, dark grey; KT, dark blue; 
OB, bright green; RB, red; SL, purple.
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that non-stomatal Anet limitation can be more critical than gsc 
(Noormets et al., 2001). Consequently, as gm was more affected 
than gsc, O3-induced damage of gm-related components might 
have been more determinative than a reduced CO2 uptake as 
a result of stomatal closure for at least half of the genotypes. 
Therefore, gm should be further considered in studies assess-
ing the photosynthetic capacity in response to O3. Yet, the sig-
nificant Anet–gtot relationship showed a strong complementary 
regulation of Anet by both gm and gsc across genotypes and in 
both the treated and control plants (Fig. 7A–C). Therefore, the 
CO2 pathway, consisting of gsc and gm, cannot be considered as 
an interdependent system affecting Anet to the same extent. gm 
and gsc each had a considerable impact on Anet in our study, but 
hardly interfered with each other.

O3 affects the CO2 supply to Rubisco rather than its 
catalytic capacity

As neither the Cc-based Vcmax nor J1000 was affected by O3 (Fig. 
4B, D), the sole biochemical limitation (BL) contributed only 
marginally to the Anet decrease, suggesting that O3 affected the 
CO2 supply to Rubisco rather than its actual catalytic capacity. 
Therefore, it seems likely that Ci-based estimations of Vcmax 
presuming an undefined gm led to an overestimation of the O3 
impact on Rubisco activity (Sun et al., 2014b; Xu et al., 2019, 
2020). Extensive evidence has showed that under chronic el-
evated O3, the Rubisco content decreased due to a decreased 
expression level or a decreased protein amount (Bagard et al., 
2008; Dizengremel et al., 2013). Nevertheless, this was highly 
dependent on the duration and intensity of the O3 treatment, 
and Rubisco quantity and activity were not always coupled 
during chronic O3 exposure (Pell et al., 1992). An unaffected 
Cc-based Vcmax suggests that Rubisco or the actual number of 
its active sites was not limiting under our conditions compared 
with the low CO2 availability caused by the observed gm de-
crease. The literature is inconsistent as to the extent to which a 
Vcmax decrease is associated to a lower Rubisco content (Reid 
et al., 1998). These discrepancies may be due to a gm-induced 
limitation of CO2 availability that is still rarely considered.

The gm decrease under O3 exposure is related to leaf 
traits

Elevated O3 significantly decreased the chlorophyll content, 
and this decrease was concomitant with the observed lower 
gm across all genotypes (Fig. 8B). A decreased chlorophyll con-
tent under O3 exposure has been observed in many species 
including poplar (Bortier et al., 2000; Ranieri et al., 2001; 
Saitanis et al., 2001; Bagard et al., 2008; Xu et al., 2019). This 
might be due to impaired CO2 fixation and subsequent down-
regulation of the electron transport chain of PSII, hence al-
tered light-harvesting complexes, as suggested by the observed 
decrease of the chlorophyll fluorescence-based parameters 
quantum yield (ΦPSII) and photochemical efficiency of PSII 

(Fvʹ/Fmʹ) (Fig. 2B, C) (Hörtensteiner, 1999; Ranieri et al., 2001; 
Bagard et al., 2008). The latter, which describes the efficiency 
of the PSII reaction centre (Force et al., 2003), serves also as 
an indicator of stress-induced changes in photosynthesis and 
especially in PSII (Gerosa et al., 2003; Herschbach et al., 2010). 
In this context, a decrease of the chlorophyll content under O3 
exposure can also go along with a change in the size and integ-
rity of chloroplasts (Oksanen et al., 2001; Bohler et al., 2011). 
Furthermore, chloroplasts move within the cell under O3 ex-
posure (Günthardt-Goerg, 1996; Paoletti et al., 2009), and this 
can imped the CO2 pathway (Tholen et al., 2008). Considering 
the widely admitted relationship between gm and the integrity, 
position, and number of chloroplasts (Loreto et al., 2001; Wittig 
et al., 2007; Tosens et al., 2012; Flexas et al., 2012, 2018), O3-
induced alteration of chloroplasts through degradation or al-
tered positioning along with chlorophyll degradation may have 
contributed to the observed gm decrease under our conditions.

An average LMA increase of 18% across all genotypes under 
O3 exposure was linked to the observed gm decrease (Fig. 8A). 
LMA is an easy-to-measure leaf structural trait that can reflect 
stress-induced changes in leaf anatomy (Wright et al., 2005; 
Flexas et al., 2008; Milla-Moreno et al., 2016). Under O3 expo-
sure, a denser leaf structure can contribute to mitigating ROS 
damage by limiting O3 diffusion (Emberson et al., 2018) but 
also CO2 diffusion. This is expected to decrease gm. This trade-
off is also observed between deciduous and evergreen species: 
evergreen species are generally less sensitive to O3 (Calatayud 
et al., 2010; Li et al., 2016) and have a lower gm (Veromann-
Jürgenson et al., 2017). Another anatomical change aimed at 
protecting cells from ROS is cell wall modification through 
thickening (Bussotti et al., 2005) or changes in its composition, 
e.g. an increased lignification (Cabané et al., 2004). Cell walls 
are therefore considered to play a central role in ROS quench-
ing (Moldau, 1998; Oksanen et al., 2001). Cell wall resistance 
can account for mesophyll diffusion resistance by up to 50% 
(Terashima et al., 2011). Furthermore, up to 72% of the leaf dry 
mass consists of cell wall tissue, which considerably contributes 
to LMA (Onoda et al., 2017; Ye et al., 2020). Also, Sugiura et al. 
(2020) suggested a link between an increased LMA and higher 
cell wall mass per area and thickness which in turn cause a de-
crease of the chloroplastic CO2 partial pressure. Thus, modified 
anatomical arrangement and/or cell wall properties aimed at 
protecting the plant against O3 could increase CO2 diffusion 
resistance and explain the gm decrease observed under O3 ex-
posure.

The antioxidant capacity is not related to the gm 
response

O3-induced chlorophyll loss (degradation) is accompanied by 
an increased content in secondary metabolites such as flavo-
nol (Bagard et al., 2008; Mattila et al., 2018). Flavonol sub-
stantially contributes to ROS scavenging (Dizengremel et al., 
2012; Zhu et al., 2019), and was significantly higher under 
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O3 exposure. A large genotype-dependent difference in ini-
tial versus post-treatment flavonol contents was also observed 
(Fig. 6B). All genotypes also showed an increased total glu-
tathione content, but the GSH content increased while the 
GSSG content decreased, suggesting de novo glutathione syn-
thesis and a higher activity of glutathione reductase to sustain 
GSH regeneration (Fig. 6D). In contrast, the ascorbate metab-
olism was not affected (Fig. 6C). This is consistent with Dusart 
et al. (2019b) who found that the glutathione metabolism was 
responsive to O3-induced oxidative stress in poplar. However, 
Clemente-Moreno et al. (2019) observed that apoplastic ascor-
bate, which travels along the CO2 pathway, was related to the 
gm response under salt and drought stress in tobacco. This was 
suggested to be due to a modified composition of the cell walls 
caused by altered apoplastic antioxidant enzyme activity, in-
cluding the ascorbate redox state. A thorough analysis of apo-
plastic and cell compartment antioxidant levels might reveal 
different strategies of ROS defence and a variable impact on 
gm (Kronfuß et al., 1998; Haberer et al., 2007; Di Baccio et 
al., 2008; Dusart et al., 2019a). In future works, an assessment 
of chloroplastic antioxidant pools might be of great interest 
to better understand the photosynthesis response to environ-
mental constraints.

The oxidative stress marker malondialdehyde is intra-
specifically linked to the gm capacity

MDA is a lipid peroxidation marker related to redox signal-
ling and the oxidative stress level (Farmer and Mueller, 2013). 
A significant MDA increase is a strong indicator of O3-induced 
damage of lipid membranes. Increased MDA under chronic O3 
exposure was previously observed in poplar and other crop spe-
cies (Shang et al., 2020; Dai et al., 2019). Amongst the eight 

genotypes, the MDA content was partly linked to gm sensi-
tivity to O3 (Fig. 9). Accordingly, two different groups emerged. 
A highly MDA-responsive group showed the most severe gm 
decrease along with a slight MDA increase. In contrast, a less 
MDA-responsive group was characterized by a moderate gm de-
crease but a rather sharp MDA increase after O3 treatment. This 
supports the idea that an increased amount of aldehyde com-
pounds such as MDA is not only a sign of damage but also a key 
element of oxidative stress signalling allowing for the activation 
of ROS scavenging mechanisms, amongst others (Tagnon and 
Simeon, 2017; Morales and Munné-Bosch, 2019). As the MDA 
levels obtained in the present study were rather low in compar-
ison with Shang et al., (2020) (Fig. 6A), MDA might have acted 
more as a gene activator than as a damage indicator. This might 
explain the observed relationship between a higher MDA con-
tent and a smaller decrease of gm under O3 exposure in some 
genotypes. However, under other conditions inducing much 
higher MDA contents, MDA could be related to the degree of 
damage and thus possibly to the decreased gm. These results pro-
vide evidence that the signalling role of MDA may be involved 
to some extent in the machinery regulating gm, and impact one 
of its anatomical or biochemical determinants.

Conclusion

We demonstrated that the gm response to chronic O3-induced 
oxidative stress is genotype-dependent in Populus × canaden-
sis Moench: gm substantially contributed to the O3-induced 
Anet decrease in half of the tested genotypes, showing that O3 
can have a greater impact on the CO2 pathway than on the 
capacity of Rubisco or stomatal conductance. A relationship 
between the leaf traits LMA and chlorophyll content on the 
one hand and the gm response on the other hand suggested 
a strong influence of leaf structural changes under O3 that 
may in turn impair gm. However, this relationship did not fully 
explain the observed intraspecific gm response, as these traits 
themselves did not show a genotype-dependent response. Fi-
nally, the relationship found between the gm capacity and the 
MDA content seems to support that MDA is not only a marker 
of the oxidative stress level but may also act as a signalling com-
ponent mitigating the gm decrease under oxidative stress. Fu-
ture work could focus on multi-genotype and multi-species 
experiments to further decipher the determinants of the gm 
response to stress, the stress-induced modification of leaf ana-
tomical determinants of gm, and a cell compartment-targeted 
analysis of antioxidants.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. The relationship between rates of electron transport 

estimated from chlorophyll fluorescence (JF) and calculated 
from gas exchange (Ja) of eight Populus×canadensis Moench 
genotypes exposed to filtered air or elevated O3.

Fig 9.  Relationship between mesophyll conductance (gm) and the 
malondialdehyde (MDA) content of eight Populus × canadensis Moench 
genotypes exposed to filtered air (control, circles) or elevated O3 (ozone, 
triangles) (n=4). R² as a result of non-linear regression analysis is indicated 
for each genotype with its respective P-value. Colour code: AF, brown; DK, 
dark green; I214, bright blue; I45/51, dark grey; KT, dark blue; OB, bright 
green; RB, red; SL, purple.
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Fig. S2. Net assimilation rate (Anet) response to leaf internal 
CO2 (Ci) under three different light conditions (Laisk method) 
of eight Populus × canadensis Moench genotypes exposed to 
filtered air or elevated O3.

Fig. S3. Stomatal conductance to water vapour (gs) of eight 
Populus × canadensis Moench genotypes exposed to filtered air 
or elevated O3.

Fig. S4. Anet–Ci curves of eight Populus × canadensis Moench 
genotypes exposed to filtered air or elevated O3.

Fig. S5. Anet–Cc curves of eight Populus × canadensis Moench 
genotypes exposed to filtered air or elevated O3.

Table S1. Sensitivity analysis of gm to changing Г* and elec-
tron transport rate (J) of eight Populus × canadensis Moench 
genotypes.
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