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Abstract 

Ozone (O3) pollution affects plant growth and isoprene (ISO) emission. However, the response mechanism of isoprene 
emission rate (ISOrate) to elevated O3 (EO3) remains poorly understood. ISOrate was investigated in two genotypes (dip-
loid and triploid) of Chinese white poplar (Populus tomentosa Carr.) exposed to EO3 in an open top chamber system. 
The triploid genotype had higher photosynthetic rate (A) and stomatal conductance (gs) than the diploid one. EO3 
significantly decreased A, gs, and ISOrate of middle and lower leaves in both genotypes. In the diploid genotype, the 
reduction of ISOrate was caused by a systematic decrease related to ISO synthesis capacity, as indicated by decreased 
contents of the isoprene precursor dimethylallyl diphosphate and decreased isoprene synthase protein and activity. 
On the other hand, the negative effect of O3 on ISOrate of the triploid genotype did not result from inhibited ISO syn-
thesis capacity, but from increased ISO oxidative loss within the leaf. Our findings will be useful for breeding poplar 
genotypes with high yield and lower ISOrate, depending on local atmospheric volatile organic compound/NOx ratio, to 
cope with both the rising O3 concentrations and increasing biomass demand. They can also inform the incorporation 
of O3 effects into process-based models of isoprene emission.

Keywords:  Bioenergy crops, dimethylallyl diphosphate, isoprene, isoprene synthase, photosynthesis, poplar, stomatal 
conductance.

Introduction

Along with its speedy economic growth, China is facing a 
growing pressure to maintain the balance between energy 
supply and demand (Zhang et al., 2021). Bioenergy crops rep-

resent a sustainable choice for renewable energy to fill the 
gap between energy consumption and production (Wen et al.,  
2011). Among them, short-rotation poplar is the most  
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promising cultivated biomass source (Rowe et al., 2009). 
Poplar plantations in China, with an area of 10.0 × 106 ha, ac-
count for 19% of the total forest plantation area (Fang, 2008; 
National Forestry and Grassland Administration of China, 
2014). Not only can poplar be converted into ligno-cellulosic 
ethanol for use as a liquid transportation fuel (Ashworth et 
al., 2013), but it can also be used as wood fiber in the paper 
industry (Jin et al., 2005; Djomo et al., 2011; Zhang et al., 
2015). However, in order to compensate the energy cost of 
cultivation, transportation, and production, high-quality bio-
energy crops must provide as much biomass as possible (Lupp 
et al., 2014).

Polyploidization is a credible approach to increasing bio-
mass in plant breeding and crop improvement (Chen, 2010; 
Corneillie et al., 2018; Kasmiyati et al., 2020). Triploid Chinese 
white poplar (Populus tomentosa Carr.) is a typical allopoly-
ploid poplar variety bred by a research group at the Beijing 
Forestry University in the 1990s (Zhu et al., 1995; Kang and 
Zhu, 2002). Due to the superior properties of faster growth 
and higher yield over diploid poplar, triploid Chinese white 
poplar has been cultivated in wide areas of Northern China 
(Du et al., 2012; Bian et al., 2020). Nevertheless, this develop-
ment has also raised ecological and environmental concerns 
because Populus spp. plants are top isoprene (ISO; 2-methyl-
1,3-butadiene, C5H8) emitters in terrestrial ecosystems (Aydin 
et al., 2014; Yuan et al., 2016; Chen et al., 2020). However, the 
ISO emission from Chinese white poplar cultivation has not 
received much attention, except for one field investigation 
(Chen et al., 2020), despite it being well known that ISO plays 
a fundamental role in atmospheric photochemical processes.

In the atmosphere, ISO is a highly reactive precursor in the 
process of generating secondary organic aerosols and ozone 
(O3), which makes it sensitive to reaction with nitrate (NO3

•) 
and hydroxyl (OH•) radicals (Pacifko et al., 2009). On the other 
hand, the O3 level has an important effect on ISO emission rate 
(ISOrate) (Guenther et al., 2012). Tropospheric O3 pollution is 
a major air quality issue in China during the warm season 
(Feng et al., 2019; Li et al., 2019). Hourly O3 concentrations 
exceeding 100 ppb often occur in metropolitan agglomera-
tions (T. Wang et al., 2017). A study predicts that O3 concen-
trations in China will an increase by 1–3 ppb per year for 
several decades (Li et al., 2019). Thus, it is necessary to select 
and cultivate bioenergy crops with improved performance in 
O3-polluted areas (Agathokleous et al., 2022), while the effects 
of elevated O3 on ISO emission from Chinese white poplar 
should receive special attention.

Our previous studies have indicated that ISOrate varied with 
leaf position in the crown (Yuan et al., 2020; Li et al., 2022b). 
Specifically, ISOrate was higher in developed (mature) than in 
developing (younger) leaves (Wiberley et al., 2005). A meta-
analysis of 48 species showed that elevated O3 exposure (aver-
aged 91 ppb) decreases ISOrate by 21% relative to non-filtered 
air or ambient air (0–35 ppb O3) (Feng et al., 2019). Due to 
the cumulative effects of O3 damage, however, the effect of O3 

on ISOrate is influenced by the leaf position within the crown, 
with a greater impact on mature leaves than on younger leaves 
(Fares et al., 2010; Yuan et al., 2020). Nevertheless, the physi-
ological mechanisms of O3 exposure affecting ISOrate are not 
fully understood yet, although they have been discussed in the 
literature from the perspective of ability to synthesize ISO (Cal-
fapietra et al., 2007, 2008; Tani et al., 2017). These studies, how-
ever, evaluated either the response of the isoprene precursor 
dimethylallyl diphosphate (DMADP) content (Calfapietra et 
al., 2008; Tani et al., 2017) or the response of isoprene synthase 
(ISPS) protein content (Calfapietra et al., 2007) in the context 
of ISOrate reduction. Moreover, a field observation of ISOrate 
and DMADP content in two trembling aspen clones with sig-
nificant differences in stomatal conductance (gs) showed that 
although DMADP decreased in two clones exposed to ele-
vated O3, significant inhibition of ISOrate was observed only in 
the clone with higher gs (Calfapietra et al., 2008). However, we 
should not attribute the ISOrate response to elevated O3 solely 
to the ISO-related precursor and enzyme levels: the physio-
logical conditions of different plants should also be taken into 
account. As reviewed by Niinemets et al. (2014), ISOrate is nor-
mally co-limited by the ISO synthesis capacity and diffusion 
loss caused by oxidative reactions within the leaf.

Ploidy level is an important trait affecting plant commu-
nity composition (Guignard et al., 2016) and its response to O3 
(Holmes and Schultheis, 2003). Guo et al. (2019) found that 
the stomatal size and stomatal density of a triploid poplar were 
significantly larger than those of a diploid poplar. Ozone enters 
plant leaves through open stomata and further decomposes 
into reactive oxygen species (ROS), which can damage plasma 
membranes and cytoplasm and then induce oxidative damage 
to vegetation (Krasensky et al., 2017). Therefore, varieties with 
larger gs would allow a higher O3 flux into the air spaces sur-
rounding the mesophyll cells, resulting in a greater pressure on 
the antioxidant system for O3 detoxification (Feng et al., 2012). 
The study of Dai et al. (2018) on hybrid poplar, however, indi-
cated that leaf total antioxidant capacity (TAC) was insufficient 
to eliminate the O3 damage caused by the increase of ROS. A 
variety of studies support the view that ISO can exert antioxi-
dant properties by directly scavenging abiotic stresses-induced 
ROS within leaves (Loreto et al., 2001; Calfapietra et al., 2009; 
Vickers et al., 2009; Jardine et al., 2012; Velikova et al., 2012), 
or by acting as a defense priming signal tolerating the stresses 
with less cost to growth (Zuo et al., 2019; Pollastri et al., 2021). 
Thus, in addition to the ISO synthesis rate, an altered redox 
environment within the leaf may further modulate the oxida-
tive consumption after ISO production at the synthesis sites, 
ultimately affecting ISOrate.

Considering the importance of ISO emission from poplars, 
the uncertainty of the mechanisms of the effect of O3 on ISOr-

ate, and the potential differences between triploid and diploid 
poplars, we studied two genotypes of Chinese white poplar in 
terms of photosynthesis and ISOrate response to elevated O3 in 
a field open-top-chamber (OTC) experiment. Our objectives  
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were (i) to compare the photosynthesis and ISOrate between 
two different poplar genotypes (triploid and diploid P. tomen-
tosa) for selecting high-quality bioenergy crops; and (ii) to 
clarify and compare the mechanisms of ISOrate response to el-
evated O3 between two poplar genotypes.

Materials and methods

Experimental site and plant material
The study was carried out in an experimental station at Yanqing (40°47ʹN, 
116°34ʹE), northwest of Beijing, China. This site is characterized by a 
typical temperate and semi-humid continental monsoon climate, with 
an annual average temperature of 8 °C and an annual precipitation of 
467 mm. The experiment was performed in an OTC system with octag-
onal structures whose perimeter is covered with a clear tempered glass 
(3.0 m high, 12.5 m2 of growth space).

Two genotypes of tissue-cultured Chinese white poplar (Popu-
lus tomentosa Carr.) were used in this study: the diploid ‘Lumao 50’ (P. 
tomentosa) and the triploid ‘Beilinxiongzhu1’ ((P. alba×P. glandulosa)×(P. 
tomentosa×P. bolleana)). On 1 April 2020, seedlings were obtained by in 
vitro propagation (Wang et al., 2014) at a greenhouse of Beijing Forestry 
University near Jiufeng Mountain, Beijing (39°54ʹN, 116°28ʹE). Then, 
100 seedlings (50 seedlings per genotype) were transplanted into 1.5-liter 
plastic pots filled with peat (‘xinyuan’, Yinong Nursery Substrates Co., 
Ltd, Shandong, China), and subsequently cultured in this greenhouse for 
79 d. On 29 April 2020, 6 g of controlled-release fertilizer was applied 
to each pot. On 19 June 2020, the Chinese white poplar seedlings were 
individually transplanted and grown in 10-liter plastic pots filled with 
planting medium composed of organic matter and vermiculite. After 4 
d of acclimation to the OTC conditions, seedlings with similar height 
(36.8 ± 2.2 cm for diploid, 83.0 ± 3.3 cm for triploid) and basal stem 
diameter (4.4 ± 0.1 mm for diploid, 6.8 ± 0.2 mm for triploid) were ran-
domly distributed into six OTCs for O3 treatments.

Ozone treatments
There were two O3 treatments (three OTC replicates per treatment), 
non-filtered ambient air (AO3) and elevated O3 (EO3, non-filtered am-
bient air with targeted O3 addition of 60 ppb). Six plants per genotype 
were placed in each OTC, of which three were used as reservoir seedlings 
and three as research subjects, giving a total of 36 experimental seedlings 
(2 O3×2 genotypes×3 OTCs×3 plants). Ozone exposure was conducted 
from 22 June to 10 September, with a daily maximum exposure duration 
of 10 h per day (08.00–18:00 h) when there was no mist or rain. Ozone 
was generated from pure O2 by an electrical discharge O3 generator 
(HY003, Chuangcheng Co., Jinan, China), and then mixed with ambient 
air and blown into the OTC using a fan (1.1 kW, 1080 Pa, 19 m3 min−1; 
CZR, Fengda, China). Homogeneity of O3 within OTCs was achieved 
by revolving an air flow-driven distribution shaft as described by Zheng 
et al. (2007). Ozone concentration within OTCs was monitored contin-
uously using two ultraviolet absorption O3 analysers (Model 49i; Thermo 
Fisher Scientific, Waltham, MA, USA) at approximately 10 cm above the 
plant crown. Average daily O3 concentrations of the daylight 10 h during 
the exposure period were 39.9 ± 1.1 ppb in AO3 and 84.3 ± 3.0 ppb in 
EO3.

Gas exchange and isoprene emission measurements
Gas exchange parameters, including A and gs, were measured using a portable 
photosynthesis system fitted with an LED light source (Li-6400-02B, LI-
COR Corp., USA). ISOrate was measured with a modified photosynthesis  

system as described by Li et al. (2022b). Two experimental seedlings per 
genotype were randomly selected in each OTC, and leaves at four crown 
positions were selected from each plant for the measurements of A, gs, 
and ISOrate. The classification of four crown positions was in accordance 
with the following criteria: the fifth to seventh and 12th to 14th fully 
expanded leaves from the apical bud were considered as top and upper 
leaves, while the 22nd to 24th and 30th to 32nd fully expanded leaves 
from the apical bud were considered as middle and lower leaves. During 
the measurements, photosynthetically active radiation (PAR) was set at 
1200 μmol m−2 s−1 for gas exchange parameters and at 1000 μmol m−2 
s−1 for ISOrate. CO2 level was set at 400 μmol mol−1, block temperature at 
30 °C, and relative humidity between 40% and 60%.

The sampling was conducted from 21st to 26th August 2020. A and 
gs in leaves at the four crown positions were measured from 09.00 to 
10.00  h, and, subsequently, ISOrate measurement was carried out from 
10.00 to 15.00  h using the same leaves per leaf position. In order to 
reduce the measurement error, the sampling was alternately performed 
between two genotypes and two O3 treatments. Before sampling, a brief 
light–temperature acclimation of test leaves was conducted under the 
aforementioned environmental conditions of the analyser to stabilize gas 
exchange parameters (lasting 2 min) and ISOrate (lasting 5 min). In ISOrate 
sampling campaigns, the inlet air of the photosynthetic system was first 
filtered through an active carbon scrubber to remove the ambient O3 
and organic contaminants from the incoming air stream. A 2.5-liter air 
sample containing ISO was extracted from the leaf chamber outlets of the 
photosynthesis system and passed through a stainless steel adsorption tube 
(inert coated bio-monitoring tube, C2-CAXX-5149, 6.4 mm×89.0 mm, 
Markes International, Ltd, Llantrisant, UK) packed with the two-bed 
adsorbents Tenax TA (porous organic polymer) and Carbograph 5TD 
(graphitized carbon black), which has been extensively used for ISO 
sampling in other studies (Jardine et al., 2017; Gilio et al., 2020; Karlsson 
et al., 2020). The air samples were extracted by using a flow-controlled 
sampling pump (TWA-300Z, Beijing Qihong Ruida Technology Co., 
Ltd, China) with a sampling flow rate of 250 ml min−1. One blank sample 
with empty leaf chamber was also collected by the same method on 
every sampling day to account for potential background contamination. 
Further details of the sampling procedure were described in a previous 
study (Li et al., 2022b). Both qualitative and quantitative analyses for the 
ISO sample in adsorption tubes were performed by thermo-desorption 
gas chromatography–mass spectrometry (TD-100, Markes International, 
Ltd, UK; GC-MS, GC type: 7980B, MSD type: 5977A, Agilent Technolo-
gies, Santa Clara, CA, USA) equipped with a DB-624 chromatographic 
column (60 m×250 µm×1.4 µm), as explained in detail by Li et al. (2021). 
Finally, the ISO content in the adsorption tube was calibrated by isoprene 
liquid standards (Sigma, USA). Since slight fluctuations in environmental 
conditions were observed during sampling, ISOrate was standardized to 
the normalized environmental conditions (leaf temperature of 30 °C and 
PAR of 1000 μmol m−2 s−1) according to the algorithm proposed by 
Guenther et al. (1993).

Estimation of carbon consumption as isoprene and whole-plant 
isoprene emission capacity
As five carbon atoms are used for isoprene synthesis, the percentage of 
assimilated carbon consumption as isoprene (CC, %) was calculated with 
the equation (5×ISOrate/A)×100, as described by Fini et al. (2017). ISOrate  
could not be measured in all individual leaves due to practical limi-
tations. However, leaf-level ISOrate is positively correlated to leaf total 
chlorophyll content, and thus ISOrate was estimated for all individual 
leaves by using a previous method (Yuan et al., 2017). Whole-plant ISO 
emission rate (nmol plant−1 s−1) was calculated by summing the ISOr-

ate of all individual leaves of each test seedling, as described in previous 
studies (Carriero et al., 2016; Yuan et al., 2016, 2017). Briefly, ISOrate 
was estimated for each leaf by a pre-prepared linear regression between 
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soil plant analysis development (SPAD) value (an excellent indicator of 
total chlorophyll content) and ISOrate along the vertical plant crown 
profile (ISOrate=0.509×SPAD−12.855, R2=0.894, root mean square 
error (RMSE)=0.848 for diploid and ISOrate=0.560×SPAD−10.245, 
R2=0.886, RMSE=1.941 for triploid). The individual leaf size for each 
leaf (As) was estimated by another pre-prepared linear regression between 
As and the estimated leaf area (Ae, Ae=maximum leaf length×maximum 
leaf width); i.e. As=0.707Ae+2.832, R2=0.972, RMSE=5.413 for diploid 
and As=0.741Ae−9.538, R2=0.990, RMSE=5.081 for triploid. Finally, 
the whole-plant ISO emission was calculated by summing the ISO emis-
sion of all individual leaves per plant. SPAD value was measured with a 
SPAD-502 leaf chlorophyll meter (SPAD-502, Konica Minolta Sensing 
Inc., Tokyo, Japan) and As was measured by an image analysis software 
(ImageJ, National Institutes of Health, USA). The maximum leaf length 
(cm) and the maximum leaf width (cm) were measured with a ruler. Each 
regression curve was established with data from 28 or 30 leaves measured 
across a range of leaf sizes along the plant vertical profile of each genotype 
(data shown in Supplementary Tables S1, S2). All the linear regressions 
were established based on measurements performed on reserved seedlings 
within OTCs on 18 August.

Leaf growth and morphological traits
Individual leaf size was estimated as described above. The total leaf area 
per seedling was calculated by summing the individual size of all leaves. 
Finally, leaf biomass was calculated by multiplying leaf mass per area by 
the total leaf area per test seedling.

Leaf sampling for dimethylallyl diphosphate content, isoprene 
synthase protein content and activity, and total antioxidant 
capacity
After the measurements of ISOrate, the middle leaves of the two geno-
types were immediately clipped at the petiole, and part of the leaves put 
into liquid nitrogen until further analyses of ISPS protein content, ISPS 
activity, and TAC in the laboratory. The other part of the leaves was first 
high-temperature-desiccated at 105 °C for 30 min and then oven-dried 
at 55 °C and ground with a ball mill used for the measurement of the 
DMADP content. Two fresh and two dry leaf samples per genotype was 
selected in each OTC, and thus a total of 24 fresh leaf samples (1 leaf posi-
tion×2 genotypes×2 O3×3 OTCs×2 plants) and 24 dry leaf samples were 
evaluated for the aforementioned physiological parameters.

Determination of dimethylallyl diphosphate content in the leaf
DMADP content was measured as descried by Fisher et al. (2001). This 
method is based on the acid-catalysed hydrolysis of DMADP to iso-
prene and subsequent determination by proton transfer reaction–mass 
spectrometry (PTR-QMS-300, Ionicon GmbH, Austria). Briefly, about 
200 mg of dry leaf was ground under liquid nitrogen with a mortar and 
a pestle, and subsequently transferred into an ice-cold 10 ml crimp seal 
vial (Supelco, Bellefonte, USA). For acid hydrolysis, 1 ml of 1 mM H2SO4 
was added into the crimp seal vial and then incubated for 60 min at 37 
°C. At the same time, about 200 mg of leaf was incubated with 1 ml dis-
tilled water following exactly the same procedure in the crimp seal vial 
as a blank sample. After incubation, about 8 ml head-space gas containing 
ISO was withdrawn from the vial via a T-junction using water displace-
ment, and then analysed with PTR-QMS.

General information about the analytical technique of PTR-QMS can 
be found in Gouw and Warneke (2007). In this study, PTR-QMS was 
operated under an E/N (i.e. the ratio of electric field strength to the gas 
number density in drift tube) value of 143 Td using a drift tube pressure, 
a sampling temperature, a sampling flow, and a voltage of 2.20 mbar, 80 

°C, 50 ml min−1, and 600 V, respectively. The ISO signal in each vial was 
scanned at a mass to charge ratio (m/z) of 69 at an interval of 1.2 s, and 
thus a total of nine scanning cycles was obtained for each vial. In order 
to avoid signal fluctuation, the mean value of five intermediate scanning 
cycles was calculated as effective signal after excluding the first and last 
four scanning cycles. The net ISO signal in a real sample was calculated 
by subtracting the background signal in a blank sample. Finally, DMADP 
content within the leaf was calibrated using a calibration curve between 
ISO signal and DMADP standard (Sigma-Aldrich, Dorset, UK).

Isoprene synthase protein content and activity assays with an 
enzyme-linked immunosorbent assay
Isoprene synthase protein content and activity were measured using an 
enzyme-linked immunosorbent assay (ELISA) according to the method 
of Schnitzler et al. (2005). In brief, about 200  mg of frozen leaf was 
ground into fine leaf powder in liquid nitrogen using a pre-frozen pestle 
and a mortar, and then homogenized in 4 ml phosphate-buffered saline 
(pH 7.2) diluted 10 times with distilled water for 3 min. The homogenate 
was centrifuged at 18 000 g for 20 min, and subsequently about 2.5 ml of 
supernatant was obtained and temporarily stored at −80 °C. All the above 
steps were conducted on an ice block. ISPS protein content and activity 
were measured by a plant ISPS protein content ELISA kit (BS-E1854O1-
A, Jiangsu Boshen Biological Technology Co., Ltd, Jiangsu, China) and 
ISPS activity ELISA kit (BS-E1854O1-B, Jiangsu Boshen), respectively, 
according to the manufacturer’s instructions. ISPS protein content and 
ISPS activity were determined simultaneously, because the determination 
procedure is identical for both series of kits. First, 10 μl supernatant of 
the test sample, 40 μl sample diluent, and 100 μl horseradish peroxidase 
conjugate reagent were sequentially added into the well of micro-titer 
plates, which were pre-coated with anti-ISPS-immunoglobulins (anti-
ISPS-IgG). Second, the sample wells were incubated for 60 min at 37 
°C, and then washed five times with 200 μl phosphate-buffered saline–
Tween solution, for 1 min each time. After the final washing, each well 
was filled with 50 μl of chromogen solution A and 50 μl of chromogen 
solution B. Thereafter, the wells were gently mixed and incubated at 37 
°C in the dark for 15 min. After that, 50 μl stop solution was added into 
each well to induce the chromogenic reaction. Finally, the yellow-colored 
complex produced by the chromogenic reaction was analysed with an 
EnSpire multi-mode plate reader (PerkinElmer, Waltham, MA, USA) at 
450 nm within 5 min. Tests without sample supernatant were conducted 
in parallel to correct for the non-enzymatic background formation of 
colored complex. For quantification of the ISPS protein content, puri-
fied 6×His-tagged ISPS protein was used up to 80 ng ml−1. Similarly, for 
quantification of the ISPS activity, the results from a plate reader were 
also calibrated using six standards with ISPS activity up to 400 IU l−1. 
Sample diluent, horseradish peroxidase, chromogen solution A (B), stop 
solution, ISPS protein content, and ISPS activity standards were provided 
by the kit manufacturer. To minimize the random error of the assays, each 
sample and standard was analysed in duplicate for ISPS protein content 
and ISPS activity.

Determination of total antioxidant capacity
TAC analysis was performed following the ferric reducing antioxi-
dant power (FRAP) assay as previously described by Benzie and Strain 
(1996), which offers a putative index of antioxidant defense ability. The 
fresh FRAP reagent (pH 3.6) was prepared daily by mixing 10 mM 
2,4,6-tri(2-pyridyl)-S-triazine solution in 40 mM HCl, 20 mM FeCl3, 
and 0.3 M acetate buffer at a volume ratio of 1:1:10. The test sample 
was extracted from homogenized frozen leaf (100  mg fresh weight 
(FW)) with 4  ml of methanol, and then 2.5  ml of supernatant was 
obtained by centrifuging at 18  000 g for 5  min. Thereafter, 100 μl 
of diluted sample (1:9 v/v in methanol) was mixed with 900 μl of 
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FRAP reagent in the well of micro-titer plate and incubated at 37 °C 
for 10 min. The absorbance of the blue color in the sample well was 
measured at 593 nm. Finally, TAC (μmol Fe2+ g−1 FW) was calculated 
according to the calibration curve with aqueous solution of 2  mM 
FeSO4.

Statistical analyses
Statistical analyses were performed within SPSS 25.0 (IBM Corp., 
Armonk, NY, USA) and JMP (SAS Institute, Cary, NC, USA) software. 
Data from two seedlings per genotype per OTC were averaged, and a 
single OTC was treated as the statistical unit. Before the analyses, the 
Shapiro–Wilk test and Levene’s test were performed to assess the nor-
mality and homogeneity of data. When necessary, log-transformation 
was conducted to conform to the assumptions of the statistical models. 
In order to assess the effects of O3 exposure, genotype, and their inter-
actions on leaf growth and morphological traits, leaf physiological traits 
(DMADP, ISPS protein content, ISPS activity, and TAC), and whole-
plant ISOrate, two-way analysis of variance (ANOVA) with a mixed 
linear model was conducted. In order to evaluate the effect of leaf po-
sition (LP) on O3 and genotype effects on gas exchange parameters 
(A, gs), ISOrate, and CC, three-way analysis of variance (ANOVA) was 
conducted. Because there was a significant main effect of LP and signif-
icant interactions of O3×LP on A, gs, and ISOrate (Supplementary Table 
S3), further analyses were carried out for each leaf position separately. 
Tukey’s honestly significant difference (HSD) post hoc test was used to 
evaluate multiple comparisons among treatment groups. Linear regres-
sion analyses were utilized to assess the relationships between ISOrate 
and A. The difference of slope in the linear regression was described by 
analysis of covariance (ANCOVA). All statistical tests were considered 
as significant at P<0.05. All data are expressed as means ±SD (n=3 
OTCs).

Results

Effects of elevated O3 on photosynthetic parameters 
and leaf traits

Relative to diploid poplars, the triploid poplars were supe-
rior in terms of tree height and above-ground biomass (Sup-
plementary Fig. S1). The leaf biomass of triploid poplars was 
31.4% larger than that of diploid poplars across the two O3 
treatments (Table 1). When averaged across the two geno-
types, EO3 significantly decreased the leaf biomass by 12.1% 
compared with AO3. Relative to AO3, EO3 decreased the in-
dividual leaf size of diploid poplars by 17.3%, but EO3 had 

no significant effect on individual leaf size of triploid poplars 
(Table 1).

Compared to diploids, triploid poplars had higher A 
(+20.6%) and gs (+41.2%) (Supplementary Table S3; Fig. 1). 
When averaged across the two genotypes, O3 had no signifi-
cant effect on A of top and upper leaves, but decreased A of 
middle (−49.2%) and lower leaves (−51.6%), as indicated by 
significant O3×LP interactions (Supplementary Table S3). In 
addition, the negative effect of elevated O3 on A was consid-
erable for both the diploid and the triploid at middle (−49.3% 
versus −49.1%) and lower (−58.5% versus −41.8%) leaf posi-
tions (Table 2). There were significant interactions between O3 
and LP for gs. For top and upper leaves, the gs value was not 
significantly changed by EO3; however, the gs was higher in 
AO3 than in EO3 for middle (0.765 mol H2O m−2 s−1 versus 
0.369 mol H2O m−2 s−1) and lower (0.384 mol H2O m−2 s−1 
versus 0.232 mol H2O m−2 s−1) leaves (Fig. 1). In middle leaves, 
a larger reduction of gs was observed in the triploid (−55.2%) 
than in the diploid (−46.7%) genotype, as indicated by signif-
icant O3×G interactions. No significant interaction between 
O3 and G was observed for the gs of lower leaves.

Effects of elevated O3 on isoprene emission rate and 
the percentage assimilated carbon consumption as 
isoprene

At leaf level, there were no significant differences in ISOrate be-
tween the two genotypes; however, the CC of diploid poplars 
(0.4%) was greater than that of triploids (0.3%) when aver-
aged across all leaf positions and O3 treatments (Fig. 2; Sup-
plementary Table S3). No significant effect of O3 on ISOrate 
was observed in top and upper leaves, while EO3 significantly 
decreased ISOrate by 50.1% in middle leaves and by 48.3% in 
lower leaves across the two genotypes (Fig. 2). Meanwhile, the 
negative effects of O3 on ISOrate were larger for triploid than for 
diploid poplars in both middle and lower leaves, as indicated by 
the significant O3×G interactions. In lower leaves, O3 signifi-
cantly decreased the CC of triploid poplars, but increased the 
CC of diploid poplars (Fig. 2). Although the O3 effect on CC 
of the two genotypes had significant differences depending on 
leaf position within the crown, CC never exceeded 0.5%. At 

Table 1. Main effects and interactions of O3 (AO3, EO3) and genotype (G, diploid, triploid) of Chinese white poplar (Populus tomentosa 
Carr.) on leaf traits (number of leaves, leaf biomass, individual leaf size, and total leaf area)

 Diploid Triploid P

AO3 EO3 AO3 EO3 O3 G O3×G 

Number of leaves 47.2 ± 2.6a 46.2 ± 1.2a 48.3 ± 3.2a 44.0 ± 3.8a 0.769 0.143 0.341
Leaf biomass (g) 35.8 ± 1.6c 31.1 ± 0.7c 46.5 ± 2.61a 41.3 ± 1.9b <0.01 <0.001 0.796
Individual leaf size (cm2) 138.3 ± 3.7a 114.4 ± 1.1b 143.4 ± 3.6a 147.9 ± 7.6a <0.01 <0.001 <0.001
Total leaf area
(m2 plant−1)

0.6 ± 0.1a 0.5 ± 0.1b 0.7 ± 0.1a 0.6 ± 0.1a <0.001 0.001 0.050

Different letters indicate significant differences. Bold is used to mark statistically significant effects (mean ±SD, Tukey’s HSD test, P<0.05, n=3 OTCs).
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whole-plant level, the ISOrate was significantly higher in trip-
loid poplars (6.20 nmol plant−1 s−1) than in diploids (4.63 nmol 
plant−1 s−1) when averaged across the O3 treatments (Fig. 3).  
Meanwhile, a significant negative effect of O3 on whole-
plant ISOrate was found in two genotypes (−31.6% in diploid, 
−20.5% in triploid); however, the interaction between O3 and 
G was non-significant for the whole-plant ISOrate.

Effect of elevated O3 on the correlations between 
isoprene emission and photosynthetic rate

Photosynthetic rate was positively correlated with ISOrate in 
both diploid (Fig. 4A) and triploid poplars (Fig. 4B). The rela-
tionships were improved (i.e. larger R2 of the regression lines) 
when all leaves were included (i.e. both O3-symptomatic and 
O3-asymptomatic leaves) compared with when O3-symptom-
atic leaves were excluded. The slope of the A versus ISOrate 
regression for the diploid genotype was steeper (ANCOVA, 
P=0.038) in the O3-asymptomatic leaves compared with the 
analysis with all leaves pooled (Fig. 4A). However, the slope of 
A versus ISOrate for the triploid genotype was independent of 
whether the data contained O3-symptomatic leaves.

Effect of elevated O3 on leaf physiological traits

DMADP content, ISPS activity, and ISPS protein content 
were 85.5%, 17.5%, and 15.6% higher in middle leaves of 
diploid poplars than in triploids, respectively, across O3 treat-
ments, whereas TAC was significantly higher in middle leaves 
of triploid poplars (427.38 μmol Fe2+ g−1 FW) than in diploids 
(198.54 μmol Fe2+ g−1 FW) (Fig. 5). When averaged across the 
two genotypes, EO3 significantly decreased DMADP con-
tent, ISPS activity, and ISPS protein content. However, EO3  

significantly decreased DMADP content, ISPS activity, and 
ISPS protein content in diploid but not in triploid poplars, 
as indicated by the significant interactions of O3×G. Similarly, 
there was a significant O3×G interaction for TAC, where EO3 
decreased TAC by 16.7% in triploid poplars and increased it by 
46.0% in diploid poplars, compared with AO3.

Discussion

Evaluation of isoprene emission rate in two genotypes 
of P. tomentosa and the relevance to application as a 
bioenergy crop

The total land area suitable for planting energy crops in China 
is estimated at 55.8 × 106 ha (J. Wang et al., 2017), and it would 
be more profitable to allocate a higher fraction of this land for 
woody plants (than for herbaceous), based on the economic 
consideration of higher biomass yields (Morrison et al., 2016). 
Hence, it is foreseeable that the planting area of poplar, typical 
for second-generation energy crop production, will continue 
to increase in China. However, expanding the plantations of 
poplar may result in increased O3 concentration, as suggested 
by a study estimating the environmental effects of poplar 
planting in Europe (Ashworth et al., 2013) as well as a global 
deforestation modeling study (Scott et al., 2018). Therefore, it is 
imperative to consider ISOrate when selecting poplar cultivars 
for energy crop production.

Vieira et al. (2016) suggested that the biogenic volatile or-
ganic compound (BVOC) composition in Volkamer lemon 
(Citrus limonia Osb.) changed with ploidy level due to com-
plex forms of genetic dominance. The BVOCs emitted by 
diploid seedlings were dominated by oxygenated monoter-
penoids, whereas those emitted by doubled diploid seedlings 

Table 2. Results of analysis of variance (ANOVA) (F- and P-values) for the effects of O3 exposure (O3) and genotype (G) of Chinese white 
poplar (Populus tomentosa Carr.), and their interaction on the photosynthetic rate (A), stomatal conductance (gs), standardized isoprene 
emission rate (ISOrate), and the percentage of assimilated carbon consumption as isoprene (CC) at four leaf positions (top leaf, upper 
leaf, middle leaf, lower leaf) along the vertical sapling profile

  A gs ISOrate CC

F P F P F P F P 

Top leaf O3 1.4 0.265 1.8 0.218 0.6 0.465 0.3 0.625
G 88.7 <0.001 31.2 <0.001 9.2 0.016 0.8 0.408
G×O3 6.0 0.040 0.1 0.883 0.1 0.920 0.5 0.489

Upper leaf O3 0.6 0.478 0.5 0.494 2.5 0.153 1.5 0.258
G 687.4 <0.001 91.0 <0.001 0.1 0.737 35.8 <0.001
G×O3 1.0 0.351 2.7 0.139 0.3 0.593 0.2 0.699

Middle leaf O3 474.3 <0.001 134.9 <0.001 512.9 <0.001 0.1 0.943
G 64.1 <0.001 30.9 <0.001 9.6 0.015 58.3 <0.001
G×O3 6.5 0.034 10.1 0.013 10.7 0.011 8.0 0.022

Lower leaf O3 397.6 <0.001 58.8 <0.001 188.0 <0.001 0.7 0.416
G 49.2 <0.001 3.1 0.115 76.5 <0.001 31.9 <0.001
G×O3 44.4 <0.001 0.5 0.509 15.3 <0.01 73.9 <0.001

Significant effects (P<0.05) are shown in bold.
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were dominated by non-oxygenated monoterpenoids (Vieira 
et al., 2016). In the present study, we did not explore the de-
tailed BVOC composition profile of the two ploidy levels 
(genotypes) of P. tomentosa; however, both of them were strong 
ISO emitters. Besides, against the expectation that plants with 
higher DMADP content are associated with higher ISOrate 
(Niinemets et al., 2021), the leaf level ISOrate was not signif-
icantly different between the two genotypes when averaged 
across all leaf positions and O3 treatments (Supplementary Table 
S3). The low affinity of ISPS toward DMADP in the process 
of ISO synthesis (Lehning et al., 1999; Rasulov et al., 2014) 
may explain the similar ISOrate between the two genotypes of 
P. tomentosa, although the DAMDP and ISPS content (activity) 
were higher in diploid than in triploid plants. Furthermore, 
the similar ISOrate between the two genotypes of P. tomentosa 
may also indicate no significant differences in the DMADP 

content used for ISO synthesis between the two genotypes, 
because multiple physiological processes (e.g. prenyltransferase 
reactions in photosynthetic pigment synthesis, phytohormone 
synthesis, and ISO synthesis) usually compete for DMADP 
(Rasulov et al., 2014). At the whole-plant level, however, the 
widespread cultivation of triploid poplars would result in larger 
a ISO emission compared with diploid poplars regardless of 
current or future O3 levels (Fig. 3). It is known that tree height, 
stem wood dry weight, and stem volume of triploid P. tomentosa 
are higher than those of diploid plants (Zhu, 2006; Zhang et 
al., 2012, 2013). In our experiment, the leaf biomass of trip-
loid poplars was significantly higher than that of their diploid 
counterparts, and there was no significant interaction between 
O3 and genotype on leaf biomass, indicating that the potential 
growth superiority of triploid to diploid poplars would not be 
weakened by increased O3 concentration in the future. This 

Fig. 1. The photosynthetic rate (A) (A, C, E, G) and stomatal conductance (gs) (B, D, F, H) of two genotypes (diploid and triploid) at four leaf positions 
(top leaf (A, B), upper leaf (C, D), middle leaf (E, F), and lower leaf (G, H)) in two O3 treatments (AO3, EO3). Different letters represent statistically significant 
differences (mean ±SD, n=3, Tukey’s HSD test, P<0.05) among bars within each variable of each leaf position.
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suggests that stronger carbon assimilation capacity (i.e. stronger 
growth capacity) in triploid poplars does not imply a greater 
carbon emission budge for ISO emission at leaf level, but it 
does imply a larger carbon emission budge for ISO emission at 
the whole-plant level.

Therefore, when genotypes of P. tomentosa are selected based 
on a particular biomass target for commercial cultivation, trip-
loid may be a better candidate than diploid because triploid 
poplars require less land to attain the same biomass production 
than diploid poplars (i.e. higher bioenergy density) (Mires-
mailli et al., 2013). On the other hand, the whole-plant ISOrate 
of triploid poplar was significantly higher than that of dip-
loid poplar. Thus, when genotype of P. tomentosa is selected not 
based on a particular biomass target, but taking into account 
an extensive cultivation in marginal land and O3 formation 

potential, diploid may be a better candidate than triploid in 
certain environments depending on local VOC/NOx ratios. 
This is because triploid poplars may contribute to the produc-
tion of more O3 (compared to diploid ones) in VOC-limited 
zones (VOC/NOx<4) or at optimum O3 production zones 
(15>VOC/NOx>4) (Calfapietra et al., 2013).

Response mechanism of isoprene emission rate of two 
genotypes P. tomentosa to elevated O3

ISO emission is the most sensitive physiological parameter 
against O3; however, so far the response mechanism of ISO 
emission to elevated O3 remains not fully understood (Calfapi-
etra et al., 2008). Some studies indicated that the inhibition of 
ISOrate by elevated O3 is due to the limitation of DMADP, the 

Fig. 2. The standardized isoprene emission rate (ISOrate) (A, C, E, G), and the percentage of assimilated carbon consumption as isoprene (CC) (B, D, 
F, H) of two genotypes (diploid and triploid) at four leaf positions (top leaf (A, B), upper leaf (C, D), middle leaf (E, F), and lower leaf (G, H)) in two O3 
treatments (AO3, EO3). Different letters represent statistically significant differences (mean ±SD, n=3, Tukey’s HSD test, P<0.05) among bars within each 
variable of each leaf position.
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immediate precursor of ISO (Calfapietra et al., 2008; Monson 
et al., 2016; Tani et al., 2017). A plausible reason is that pho-
tosynthesis, which provides the bulk of the carbon source for 
DMADP synthesis (Logan et al., 2000), is generally inhibited by 

elevated O3 (Li et al., 2017). However, although the photosyn-
thetic rate of two genotypes was inhibited by elevated O3, sig-
nificant inhibition of DMADP was observed only in the diploid 
poplars. Importantly, the carbon allocated into ISO emission 
under O3 stress accounted for less than 0.5% of the photosyn-
thetic rate (Fig. 2). Hence, the carbon source limitation hypo-
thesis for DMADP and the consequent ISOrate variation was 
not fully supported by our results. Besides carbon source limi-
tation, some studies suggested that the energetic equivalents, in 
particular ATP, formed by photosynthetic metabolites energet-
ically support the syntheses of DMADP and ISO (Loreto and 
Sharkey, 1993; Sharkey and Yeh, 2001). In our experiment, there 
were strong positive relationships between ISOrate and A in the 
two genotypes (Fig. 4) as reported in other studies (Harley et al., 
1996; Possell et al., 2004; Sun et al., 2012). Specifically, the slope 
of this relationship for O3-asymptomatic leaves of the diploid 
poplar was significantly steeper compared with that derived 
from all leaves (i.e. both O3-symptomatic and O3-asymptomatic 
leaves) (Fig. 4A). For triploid poplar, however, the positive cor-
relation was similar for all leaves and only O3-asymptomatic 
leaves (Fig. 4B). This may indicate that O3 potentially decreases 
the ATP supply level of the diploid poplar but not of the triploid 
poplar, thereby reducing the diploid poplar’s DMADP synthesis 
and consequent ISO synthesis. Thus, the ATP limitation hypo-
thesis of ISO emission seems to be supported by the results of 
this experiment with two genotypes of P. tomentosa. In addition, 
DMADP synthesis in chloroplasts usually competes with several  
metabolic processes, such as respiration and nitrate reduction, in 

Fig. 3. Effect of ozone (AO3, EO3) on whole-plant standardized isoprene 
emission rate (ISOrate) of two genotypes (diploid and triploid). Asterisks 
(**) indicate significant effect at P<0.01 (non-significant effects are not 
displayed). Different letters indicate significant differences among bars 
based on Tukey’s HSD test (mean ±SD, n=3, P<0.05).

Fig. 4. The standardized isoprene emission rate (ISOrate) in relation to photosynthetic rate (A) of two genotypes (diploid (A) and triploid (B)). Data were 
separately fitted with all sampled leaves (i.e. both O3-symptomatic and O3-asymptomatic leaves) of two O3 treatments (AO3, EO3) from four leaf positions 
(top leaf, upper leaf, middle leaf, lower leaf) and with the O3-asymptomatic leaves on the basis of the results in Fig. 1. The O3-symptomatic and O3-
asymptomatic leaves were represented by open and filled circles, respectively. These fitting results are represented by gray dashed line (n=24) and gray 
solid line (n=18), respectively. The difference in the slope between two lines was tested by ANCOVA.
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the cytosol for phosphoenolpyruvate (PEP), which is necessary 
for DMADP synthesis (Monson et al., 2009; Wilkinson et al., 
2009). Yuan et al. (2016) therefore suggested that the decrease of 
the availability of PEP in chloroplasts caused by elevated O3 can 
lead to decreased ISOrate. Based on the ATP limitation assump-
tion, it can be understood whether the response of ISO to O3 
is driven by changes in DMADP content or by the availability 
of PEP, because their synthesis is determined by the supply level 
of photosynthesis-generated energetic metabolites (Rasulov 
et al., 2009). Furthermore, ISO synthesis usually carries a cost 
for allocating nitrogen (N) to the enzymatic system (such as 
ISPS) as suggested by previous studies (Lerdau, 2007; Li et al., 
2022b). Wang et al. (2021) recently reported that the triploid P. 
tomentosa maintained total N uptake under O3 stress due to its 
plasticity in N performance, while the diploid one exhibited 
decreased total N uptake. Therefore, the reduction of total N 
uptake of diploid poplar may be responsible for the decrease of 
ISPS protein content in middle leaves. Moreover, Mayrhofer et 
al. (2005) proposed that the DMADP content and ISPS activity 
of grey poplar leaves were well correlated with the ISPS protein 
content. Our results are in agreement with this hypothesis, as in 
addition to the decrease of DMADP, the ISPS protein content 
and ISPS activity in middle leaves of diploid poplar decreased 
with the decrease of ISOrate (Fig. 5), which also supports the 
view that the ISPS protein content plays an important role in 
the decrease of ISOrate under elevated O3 (Calfapietra et al., 

2007). On the basis of these results, therefore, we conclude that 
the inhibitory effect of EO3 on ISOrate in the diploid genotype 
may result from a systematic decrease of ISO synthesis capacity.

As opposed to diploid poplar, we found that either DMADP 
content or ISPS activity and ISPS protein content in middle 
leaves of triploid poplar had not been significantly reduced 
by EO3. Similarly, as reported by Calfapietra et al. (2008), a 
decrease in the DMADP content does not necessarily imply 
a decrease in ISOrate. An earlier study with mango plants con-
firmed the oxidative loss of ISO within leaves under high 
temperature/light conditions, thus questioning of the general 
assumption that the ISO emission rate is equal to the rate of 
production within the leaf (Jardine et al., 2013). The leaf an-
tioxidant systems can generally quench ROS and reduce ox-
idative damage under lower stress levels (Wang et al., 2015). 
However, the TAC in middle leaves of triploid poplar was sig-
nificantly decreased by EO3 (Fig. 5), potentially implying that 
the leaf antioxidant system was unable to cope with the ex-
cessive ROS. Miller et al. (2010) reported that once accumu-
lated ROS overwhelm leaf antioxidant systems under stress, 
the signaling defense mechanisms are initiated. In this case, as 
an effective antioxidant (Vickers et al., 2009), the ISO synthe-
sized in chloroplasts may be involved in further ROS scaveng-
ing within leaves, a view that is supported by many studies 
reviewed by Calfapietra et al. (2009) and Vickers et al. (2009). 
Furthermore, a previous work by Loreto and Fares (2007) 

Fig. 5. Effects of ozone (AO3, EO3) on (A) isoprene precursor dimethylallyl diphosphate content (DMADP), (B) isoprene synthase activity (ISPS activity), 
(C) total antioxidant capacity (TAC), and (D) isoprene synthase protein content (ISPS protein) at the middle leaf of two genotypes (diploid and triploid). 
Asterisks (**, ***) indicate significant effects at P<0.01 and P<0.001, respectively (non-significant effects are not displayed). Different letters indicate 
significant differences among the bars within each variable (mean ±SD, n=3, Tukey’s HSD test, P<0.05).
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experimentally showed that the scavenging of ROS by ISO 
within the leaf increases the O3 concentration gradient be-
tween inside and outside the leaf, prompting more O3 to enter 
the leaf, and inevitably increasing ISO consumption. On the 
other hand, although gs does not directly control ISOrate (Fall 
and Monson, 1992; Niinemets et al., 2014), according to Fick’s 
first law, the reduction of gs by elevated O3 would increase the 
diffusion resistances from the synthesis site to the atmosphere 
and prolong the dwell time within the leaf, which would then 
increase the odds of ISO within-leaf metabolism. To this end, 
ISO oxidation loss within leaves may be largely responsible 
for the O3-induced reduction in ISOrate of middle leaves of 
the triploid genotype in our study. By contrast, diploid poplar 
had a lower gs compared with triploid poplar (Fig. 1), indicat-
ing less O3 entering the leaves. Moreover, relative to AO3, the 
TAC in middle leaves of the diploid poplar was significantly 
increased by EO3 (Fig. 5). Both the lower gs and the increase 
of TAC indicate that less ROS were accumulated within leaves 
of diploid genotype in our study and therefore there would 
be a lower fraction of ISO oxidation loss along the diffusion 
route from the synthesis site to the atmosphere. If this is the 
case, the real carbon consumption for P. tomentosa ISO syn-
thesis, especially for triploid poplar, in EO3 would be greater 
than the CC calculated according to the observed ISOrate. 
Methyl vinyl ketone (MVK) and methacrolein (MACR) have 
been identified and quantified as products of the ROS radical 
(e.g. OH•) reacting with isoprene (Carter and Atkinson, 1996; 
Deng et al., 2019). In this study, however, we could not detect 
MVK and MACR in the GC-MS dataset. Since both MVK 
and MACR are moderate water-soluble volatiles, MVK and 
MACR stemming from ISO oxidation may be dissolved into 
the leaf liquid phase (Niinemets et al., 2014). In addition, the 
increase of liquid phase of MVK and MACR may mean that 
their concentrations in the gas phase decreases. Furthermore, 
the O3-induced decrease of gs would lead to an increase in dif-
fusion resistances of volatiles from the intercellular air space of 
the leaf to the leaf exterior environment. According the Fick’s 
first law (Nobel, 1974), both the decrease of gas phase concen-
tration and the increase of diffusion resistance would poten-
tially lead to a decrease of MVK and MACR emission rate and 
enhance the probability of within-leaf metabolism, which may 
explain our results to some extent. Alternatively, another view 
is that there are large sinks within leaves for many oxygenated 
volatiles, which have strong uptake capacities for MVK and 
MACR within the canopy (Tani et al., 2010) and even in the 
atmosphere (Karl et al., 2010). Therefore, we also do not ex-
clude the possibility that MVK and MACR may be taken up 
by the VOC sinks before exiting the leaves. In China there are 
abundant P. tomentosa germplasm resources, and some triploids 
usually manifest characteristics such as larger leaf size, faster 
growth rate, and higher biomass accumulation, compared with 
diploid poplars (Zhu et al., 1995; Liao et al., 2016). However, 
Wu et al. (2021) studied the molecular mechanism of growth 
and development differences of diploid and triploid poplars 

using 30 genotypes and summarized that the differences be-
tween different ploidy levels resulted from the expression level 
of growth-regulating factors and did not differ with different 
genotypes. Therefore, the different physiological mechanisms 
of the decrease of ISOrate between the two ploidy levels ap-
pear to be the most plausible explanation for the reduction of 
ISOrate at elevated O3. However, in recognition of the lack of 
available studies with multiple genotypes per ploidy level of P. 
tomentosa under elevated O3, this mechanism-based hypothesis 
should be tested in more comprehensive studies that will in-
clude an array of genotypes per ploidy level.

Conclusions

In summary, this study demonstrates that although there was 
no significant difference in the leaf-level ISOrate between trip-
loid and diploid P. tomentosa, the triploid was a stronger ISO 
emitter at whole-plant level than diploid poplar, resulting from 
greater photosynthesis and leaf biomass. EO3 significantly 
decreased the ISOrate in middle leaves, but the physiological 
mechanisms of the decrease of ISOrate were different between 
the two genotypes. Specifically, the reduction of ISOrate due to 
O3 exposure does not necessarily imply changes in parameters 
related to ISO synthesis (i.e. DMADP and ISPS), but could 
also result from oxidative loss within the leaf. To alleviate the 
challenge of energy shortages, China’s National Development 
and Reform Commission has set a target of increasing the 
share of energy coming from renewable sources to around 20% 
by 2030 (National Development and Reform Commission of 
the P.R.C., 2015). Given the promising potential of poplar for 
bioenergy, and the increasingly severe O3 pollution in China, 
not only will our findings be useful for scientists to breed and 
select bioenergy poplar cultivars with high yields and low ISO 
emission in O3-polluted areas, but they would also inform the 
agenda of reducing isoprene emission by genetic or biological 
engineering methods in P. tomentosa intensive planting areas.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. The growth status of Chinese white poplar seedlings 

of two genotypes (diploid, triploid) of Populus tomentosa in two 
O3 treatments during the sampling period.

Table S1. Data used for establishing the linear regression 
between the estimated leaf area (Ae) and individual leaf size 
for each leaf (As) of diploid and triploid genotypes of Populus 
tomentosa.

Table S2. Data used for establishing the linear regression be-
tween SPAD and isoprene emission rate (ISOrate) of diploid 
and triploid genotypes of Populus tomentosa.

Table S3. Results of analysis of variance (ANOVA) (F- and 
P-values) for the effects of variety (diploid, triploid), O3 (AO3, 
non-filtered ambient air; EO3, non-filtered ambient air with 
addition of 60 ppb of O3), leaf position (top leaf, upper leaf, 
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middle leaf, lower leaf) and their interactions on photosyn-
thetic rate (A), stomatal conductance (gs), standardized isoprene 
emission rate (ISOrate), and percentage of assimilated carbon 
consumption as isoprene (CC).
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