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• An O3-sensitive poplar clone was exposed to two O3 levels and two water
conditions.
• Poplar's transcriptomic response to
drought was alleviated by elevated O3.
• Isoprene biosynthetic and hormone signaling genes were responsive to O3/
drought.
• Helitrons capturing genes were involved in response to O3 and/or
drought.
• Elevated O3 reduced stomatal conductance less under moderate drought.
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a b s t r a c t
High concentration in ground-level ozone (O3) and water deﬁcit affect forest ecosystems service. Previously we
found intercellular CO2 concentration and isoprene emission were affected by the combination of O3 and drought,
but the molecular mechanisms controlling these phenotypes are still open questions. In this study, we investigated the stomatal conductance (gs) and transcriptome changes in an O3-sensitive hybrid poplar exposed to
two O3 levels [charcoal-ﬁltered ambient air (CF) and non-ﬁltered ambient air plus 40 ppb (NF40)] and two
water conditions [well-watered (W) and moderate drought (D)]. NF40 reduced the gs more under D than W.
We identiﬁed the differentially expressed genes (DEGs) from pairwise comparisons and found the poplar's molecular response to drought was counteracted by elevated O3. From nine clusters obtained through K-means clustering, 12 core transcription factors were identiﬁed. DEGs involved in isoprene biosynthesis and phytohormones
signal pathways indicate the molecular response and stomatal closure of poplar under O3 and/or drought might
be through MEP/DOXP and ABA-dependent pathways. In addition, 102 Helitrons capturing DEGs were involved in
response to O3 and/or drought and related with ABA-dependent pathway. This integrated analysis provides
multi-dimensional insights to understand the molecular response to the combination of O3 and drought.
© 2018 Elsevier B.V. All rights reserved.
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Ozone (O3) is formed in the troposphere by the light-driven reactions between oxides of nitrogen (NOx) and volatile organic compounds
(VOCs) (Schultz et al., 2017). To date, tropospheric ozone is considered
as one of the most phytotoxic air pollutants and an important
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component of the global climate change (Li et al., 2015). In addition, the
frequency and the severity of many other abiotic stresses were increased under ongoing climate change, especially drought (Trenberth
et al., 2014). More than half of the terrestrial area is under threat of
drought stress (Fujita et al., 2014).
Ozone enters the leaves through the stomata, so stomatal aperture
controls and restricts ozone inﬂux and thus acts as the ﬁrst line of defense to O3 (Vainonen and Kangasjärvi, 2015). Generally, O3 decreases
stomatal conductance, thus also restricting the CO2 ﬂow to leaves
(Dumont et al., 2014). In living organisms, O3 can induce oxidative damage and trigger a series of signaling pathways involving reactive oxygen
species (ROS), stress-related phytohormones, and second messengers
such as calcium (Kangasjärvi et al., 2005). In stress response networks,
oxidative signaling is considered as a key element to underpin cross tolerance responses (Noctor et al., 2014). Abscisic acid (ABA) functions as a
key regulator in response of plants to various stresses, especially
drought and salinity (Cutler et al., 2010). Interestingly, ROS is known
to cross-talk with phytohormone signaling pathways. For instance,
ROS can enhance ABA biosynthesis or inhibit ABA degradation, thus increase the free ABA levels (Boursiac et al., 2013; Song et al., 2014). High
ABA levels can also increase ROS production in guard cells, forming a
positive feedback loop to mediate stomatal closure under control of
ascorbic acid abundance (Chen and Gallie, 2004; Mittler and
Blumwald, 2015). As a speciﬁc enzyme of ascorbic acid, ascorbate oxidase (AO) is involved in O3 detoxiﬁcation in plants. Based on a quantitative trait locus for O3 stress tolerance, a localized AO homolog
(OsORAP1) in the apoplast can enhance the cell death in rice induced
by elevated O3 (Frei et al., 2010; Ueda et al., 2015).
Isoprene (C5H8) is a VOC naturally emitted by many plants around
the world (Kesselmeier and Staudt, 1999). Its biogenic emission plays
an important role in atmospheric chemistry through reaction with
other gases such as O3, SO2 and NOX (Aschmann and Atkinson, 1994;
Fuentes et al., 2000; Newland et al., 2015). Isoprene is assumed as antioxidant and can scavenge oxidative species in oxidizing environment.
And its emission is inﬂuenced by O3 level. Fares et al. (2006) investigated the leaves of P. alba exposed to high O3 level and found that the
isoprene emission and synthesis are stimulated by O3. Loreto et al.
(2001) inhibited the synthesis of endogenous isoprene by feeding
fosmidomycin in Phragmites australis, and found the leaves became
more sensitive to O3. Yuan et al. (2017) found the isoprene emission
from poplar was decreased with the increase of O3 concentrations. Furthermore, isoprene protects plants against various environmental
stresses. For example, endogenous and exogenous isoprene enhanced
the leaf tolerance to heat stress (Singsaas et al., 1997). The likely reason
is that isoprene can stabilize the membrane lipid bilayer and then prevent its denaturation under environmental stresses (Loreto et al.,
2001). While the isoprene response to drought is little agreement
among previous studies. Brilli et al. (2007) indicated that isoprene emission was decreased in white poplar under drought stress, whereas
Beckett et al. (2012) found isoprene emission was stimulated by
drought in Xerophyta humilis. Moreover, isoprene emission was positively correlated with ABA concentration in leaves, as they shared a
common biosynthetic pathway (Barta and Loreto, 2006).
With the fast development of high-throughput sequencing technologies, RNA-sequencing provides a powerful tool to reveal global
transcriptomic response in organisms, especially to identify key regulators to various stress response (Conesa et al., 2016). Helitrons are a class
of transposable elements (TEs) that are thought to transpose via a
“rolling circle” mechanism (Lisch, 2013). Recently, TEs have been reported to play important roles in plant stress responses. For example,
there are 47, 611 and 398 TE-associated long intergenic noncoding
RNAs (lincRNAs) were identiﬁed in Arabidopsis, rice and maize, respectively. And N40% of TE-lincRNAs contained 28 Helitrons (Wang et al.,
2017).
To date, a number of physiological characteristics changes were observed in poplar under elevated O3, including increased antioxidant
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enzymes activities and phenolics concentration (Haikio et al., 2009;
Nogués et al., 2008) and reduced gs and isoprene emission (Li et al.,
2017; Yuan et al., 2016), but their molecular mechanisms remain open
questions. To further reveal the molecular response in gene expression
level, we analyzed the transcriptome changes of poplar leaves under
O3/drought stresses. In this work, we compared the leaf gs under O3
and/or drought, and systematically investigated the combined effects
of elevated O3 and moderate drought on transcriptome changes of the
poplar hybrid clone ‘546’, a sensitive clone to O3 (Yuan et al., 2016). Differentially expressed genes (DEGs) with divergent expression patterns
and the primary transcription factors (TFs) were identiﬁed. In addition,
we ﬁrstly reported that Helitrons carrying DEGs play important roles in
O3 and/or drought responsiveness in poplar.

2. Materials and methods
2.1. Plant materials and experimental treatments
Rooted cuttings of Populus deltoides clone ‘546’ (P. deltoides cv. ‘55/
65’ × P. deltoides cv. ‘Imperial’) were cultivated in a greenhouse in
early March 2015, and moved to the ﬁeld station on 2 May 2015,
when they were transplanted into individual 20 L circular plastic pots
ﬁlled with local light loamy farmland soil. Plants with similar stem diameter and height were selected and randomly distributed into six
OTCs (octagonal base, 12.5 m2 of growth space and 3.0 m of height, covered with toughened glass) with a growth density of 2.8 plants per m2.
Two O3 treatments were applied: charcoal-ﬁltered ambient air (CF) that
reduced O3 concentration in the OTC below 40ppb and non-ﬁltered air
with targeted O3 addition of 40 ppb (NF40). Fumigation lasted 96days
from mid-June to mid-September 2015. For each O3 treatment, three
OTC replicates were used. Ozone was generated from pure oxygen by
an O3 generator and mixed with ambient air using a fan as described
in Yuan et al., 2016. To adapt to the seasonal change of the daylight period, the daily O3 fumigation period was divided into (1) 08:00 to
19:00 h from June 5th to July 13th and (2) 09:00 to 18:00 h from July
14th to September 8th. Ozone fumigation was not applied in rainy
days. Ozone concentrations inside the OTCs were continuously monitored using a UV absorption O3 analyzer (Model 49i, Thermo Scientiﬁc,
USA), via a Teﬂon solenoid valve switch system, which collected air
from sampling points at approximately 10 cm above the plant canopy
during the whole experiment. The analyzer was calibrated with a 49iPS calibrator (Thermo Scientiﬁc, USA) before the experiment and once
a month during the experiment.
For water treatments, half of the plants in each OTC were exposed to
drought by reducing irrigation (moderate drought, D), and the other
half was irrigated regularly (well-watered, W) at 1–2 days intervals to
keep moisture to ﬁeld capacity. Plants from the moderate drought treatment were supplied with ~60% less water than the well-watered plants.
To reduce the effects of rain, the ground of the pots was covered with
plastic covers in rainy days. The soil water condition in each treatment
were continuously monitored with the sensor (EC-5, Decagon Device,
UK) at 15 cm depth in the root area, which was reported on detail in
Yuan et al. (2016).
Two leaves (5–6th fully expanded leaves from the top, in the upper
canopy) from two plants in each OTC and water treatment were selected for stomatal conductance (gs) measurements on August 4th and
September 7th, using a LiCor-6400 photosynthesis system (LICOR, Lincoln, NE, USA). During the measurements, photosynthetic active radiation (PAR) was set at 1200 mmol m−2 s−1, CO2 at 400 ppm, block
temperature at 31 ± 0.5 °C and relative humidity between 50% and 60%.
For RNA-seq samples, full-expanded leaves from four treatment
combinations of two water status (W and D) and two O3 levels (CF
and NF40) were collected on September 3rd. They were labelled as
“CF_W” (CF combined with W), “NF40_W” (NF40 combined with W),
“CF_D” (CF combined with D), and “NF40_D” (NF40 combined with
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D), respectively. For each treatment, two biological replicates were constructed libraries and sequenced independently.

3. Results
3.1. Global transcriptome analysis of the RNA-seq data

2.2. RNA extraction, library preparation, mRNA sequencing
Total RNA was isolated from 200 mg ground leaf tissue with the
RNeasy Plant Mini Kit (Qiagen) following the manufacturer's protocol,
including DNase digestion with the RNase-Free DNase Set (Qiagen).
RNA quality and quantity were determined with the 2100 Bioanalyzer
(Agilent Technologies) and NanoDrop (Thermo Fisher Scientiﬁc). For
each sample, 500 ng of high-quality total RNA with RNA Integrity Number N8.8 were used for cDNA library preparation with the TruSeq RNA
Sample Preparation Kit (Illumina Inc.). Sequence determination of
150 bp pair-end reads were performed on an Illumina HiSeq2500 platform. For each treatment, two biological replicates were constructed libraries and sequenced independently, and each replicate pooled from
three individuals. The sequencing of cDNA was carried by Novogene
Bioinformatics Technology Co., Ltd. (Beijing, China) using Illumina
HiSeq 2500 platform. The RNA-seq data have been submitted to NCBI
Sequence Read Archive (BioProject accession number PRJNA488262).

2.3. Bioinformatics analysis
After trimming adapter sequences and ﬁltering low-quality reads,
the clean reads were mapped onto the Populus genome v3.0 using
Tophat2 v2.0.6 and processed by Cufﬂinks v2.0.2 for transcript abundance estimation. To identify DEGs, DESeq2 (Love et al., 2014) were
used, the cut-off criteria for signiﬁcant DEGs were absolute log2(fold
change) N1 and Benjamini-Hochberge false discovery rate (FDR)
corrected P-value b 0.05. Pathway analysis was carried out with
Mapman (Thimm et al., 2004) and The Kyoto Encyclopedia of Genes
and Genomes (KEGG, http://www.genome.jp/kegg) (Kanehisa and
Goto, 2000). Gene set enrichment analysis was performed using AgriGO
analysis tools (http://bioinfo.cau.edu.cn/agriGO/) (Du et al., 2010). Kmeans clustering of DEGs was analyzed using MeV software (Howe
et al., 2010).
To identify the potential transcription factor binding sites (TFBS) of
the DEGs, the upstream sequence (~1000 bp) of DEGs in different subsets were analyzed using PlantPAN (Chang et al., 2008). Populus
Helitrons were identiﬁed via HelitronScanner (Xiong et al., 2014).
Then the Helitrons overlapped with the DEGs were used for further
study. The protein-protein interaction (PPI) data of DEGs was obtained
from the STRING database (Szklarczyk et al., 2014). Cytoscape (Smoot
et al., 2011) was used to visualize the resulting networks.

2.4. qRT-PCR validation
Primers were designed using Primer3 software (http://frodo.wi.mit.
edu/primer3/input.htm) with melting temperature of 58–60 °C and
production of 150–250 bp. The primers used in this study are listed in
Table S9. qRT-PCR was performed using SYBR Premix Taq Kit (TaKaRa,
Dalian, China) and conducted on LightCycler 480 Detection System
(Roche, Penzberg, Germany). The Actin was used as internal control.
Each PCR reaction was repeated three times independently.

2.5. Statistical analyses
The data for stomatal conductance and growth were subjected to the
two-way analysis of variance with mixed linear model to test the effects
of O3, water, and their interactions using JMP software (SAS Institute,
USA). Tukey's HSD test was applied to identify signiﬁcant differences
between treatments. A difference between the means was considered
signiﬁcant if P b 0.05. Data shown in ﬁgures were means ± SE (n = 3).

To reveal the molecular response of poplar under O3 and drought
stresses, we compared transcriptomic changes of poplar leaves under
four conditions (see Methods). RNA-seq yielded between 42.6 and
51.4 million paired-end raw reads per replicate, with at least 97.6% or
more high-quality reads remaining after trimming and quality ﬁltering
(Table S1). According to their transcript proﬁles, replicates of each treatment were clustered together in pairwise correlation analysis (Fig. S1A).
In hierarchical clustering, sample “NF40_W” was closely grouped with
“CF_W”, while “CF_D” and “NF40_D” differed from “CF_W” (Fig. S1B).
As shown in Fig. 1A, DEGs were identiﬁed in pair-wise comparisons.
Compared to “CF_W” control, 93 DEGs were identiﬁed in “NF40_W”
(53 up and 40 down) and 2560 DEGs were identiﬁed in “CF_D” (959
up and 1601 down). In contrast, the DEGs numbers in “NF40_D/
CF_W” (i.e. NF40_D vs. CF_W) were signiﬁcantly reduced to 977 DEGs
(311 up and 666 down) than that in “CF_D/CF_W”. The distribution of
the DEGs on the Populus chromosomes showed that these DEGs were
not enriched in speciﬁc chromosome region under drought and/or O3
stresses (Fig. 1A).
We then compared the DEGs overlapped among different comparisons. For instance, 773 DEGs were overlapped between “CF_D/CF_W”
and “NF40_D/CF_W” (217 up and 556 down, Fig. 1B subset b), and the
overlapped DEGs took a great proportion in “NF40_D/CF_W”, but only
a small proportion in “CF_D/CF_W” (Fig. 1B subset a). “NF40_W/
CF_W” showed signiﬁcant difference from other comparisons
(“NF40_D/CF_W”, “CF_D/CF_W” and “NF40_D/CF_D”): only 11 DEGs
overlapped with “NF40_D/CF_W” (5 up and 6 down), 14 DEGs overlapped with “CF_D/CF_W” (5 up and 9 down), and 15 DEGs overlapped
with “NF40_D/CF_D” (7 up and 8 down) (Fig. 1B subset e). To evaluate
the molecular response under the three stress conditions, DEGs in comparisons “CF_D/CF_W”, “NF40_W/CF_W” and “NF40_D/CF_W” were
compared, only two up-DEGs (Potri.004G135500 and Potri.012G128100)
and four down-DEGs (Potri.006G020000, Potri.006G239700,
Potri.008G183200 and Potri.009G148900) were shared by the three comparable groups (Fig. 1B subset p). In addition, “CF_D/CF_W” and
“NF40_D/NF40_W” were compared to evaluate the drought effects in
the combined stress; the overlapped 630 DEGs (206 up and 424
down) were core drought-responsive genes under both CF and NF40
treatments (Fig. 1B subset r).

3.2. Functional classiﬁcation of DEGs
To understand the functional divergence of the DEGs in different
subsets (Fig. 1B), we performed GO enrichment analysis. The enriched
GO terms of down-DEGs in subsets b, f and o showed similar patterns,
which were enriched in “cellular amine metabolic”, “organic acid biosynthetic”, “cellular amino acid biosynthetic” and “microtubule-based”
processes. The up-DEGs in subsets b, c, f, g, j, n, o and q shared similar
GO enrichment in “primary metabolic”, “translation”, “gene expression”
and “macromolecule biosynthesis” processes (Fig. 1C and Table S2).
To further reveal the potential function of DEGs during poplar response to O3 and/or drought, we then classiﬁed the DEGs according to
MapMan functional classiﬁcation system (Figs. S2 and S3). All the
DEGs were assigned into 35 classiﬁcations. As shown in Fig. S2A, most
of DEGs were classiﬁed into “miscellaneous enzyme families”, “RNA”,
“protein”, “signaling” and “transport” MapMan bins. Noticeably, most
of DEGs in “CF_D/CF_W” were recovered when plants were exposed
to high O3 (“NF40_D/CF_W”), especially the DEGs in “lipid metabolism”,
“secondary metabolism”, “hormone metabolism”, “stress” and “signaling” classiﬁcations. The overview of cellular-response and stressresponse (Fig. S2B and C) showed that only a few genes in cellularand stress-response were differentially expressed in “NF40_W/CF_W”.
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Fig. 1. Overview of drought, ozone and their combination treatment effects on gene expression. (A) Distribution of differentially expressed genes (DEGs) on 19 Populus chromosomes from
pairwise comparisons (1) “CF_D/CF_W”, (2) “NF40_D/CF_W”, (3) “NF40_W/CF_W”, (4) “NF40_D/CF40_D”, (5) “NF40_D/NF40_W”, and (6) “NF40_W/CF_D” under two O3 levels [charcoalﬁltered ambient air (CF) and non-ﬁltered ambient air plus 40 ppb (NF40)] and two water conditions [well-watered (W) and moderate drought (D)]. (B) Overlapped DEGs in different
comparable groups. Subsets a-v from different comparisons were identiﬁed for further study. (C) Gene ontology (GO) enrichment analysis of DEGs in different subsets from (B).
Hierarchical clustering of FDR for GO enrichment was visualized in heatmaps. Details of GO terms were listed in Table S2.

3.3. K-means clustering of DEGs
To discover the molecular mechanism of poplar response to drought
and/or O3, DEGs in the four treatment combinations were clustered via
K-means clustering method. Among a total of nine clusters, four clusters
(1, 4, 5 and 6) showed down-regulation in both “CF_D” and “NF40_D”.
And the repression of genes in cluster5 was stronger in “CF_D” than
“NF40_D” (Fig. 2A). GO enrichment analysis indicated that genes in
cluster1 were involved in “small molecule biosynthetic”, “lipid biosynthetic”, “carboxylic acid biosynthetic” and “fatty acid biosynthetic” processes; genes in cluster4 were involved in “microtubule-based”,
“nucleotide catabolic” and “protein polymerization” processes; while
genes in cluster5 were involved in “abiotic stimulus” and “light stimulus” responses. Three clusters (7, 8 and 9) showed up-regulation in
both “CF_D” and “NF40_D”, and the induction in cluster7 and 9 were
stronger in “CF_D” than “NF40_D”. The genes in cluster7 were involved
in “cell morphogenesis” and “developmental” processes, whereas genes
in cluster8 were involved in “translation” and “cellular biosynthesis”

processes. Interestingly, genes in cluster2 and 3 were only downregulated under “CF_D”, and genes in cluster2 were enriched in “phosphorylation” and “post-translational protein modiﬁcation” (Fig. 2B).
Analysis of major TF families presented in different clusters revealed
that they were differentially sensitive to O3 or drought effects (Fig. 2C).
Overall, TFs were strongly represented in cluster2 (33 TFs, 9.5% of
DEGs), which including six NAC (NAC017, NAC034, NAC036, NAC042,
NAC083 and NAC096), six ERF (CRF4, ERF72, etc.), three GRAS (SCL14,
SGR7 and Potri.005G125800), three MYB (MYB63, MYB111 and
Potri.009G042600), three bHLH (BIN1, MYC2 and Potri.004G029100)
and three WRKY (WRKY11, WRKY18 and WRKY47) (Table S3).
3.4. Differential expression of genes involved in isoprene biosynthesis
To explore whether the isoprene emission changes related to its biosynthesis, we analyzed the expression proﬁles of genes involved in isoprene biosynthesis. In plants, isoprene was synthesized through
mevalonate (MVA) or non-mevalonate (MEP/DOXP) pathways. In MVA
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Fig. 2. K-means clustering of DEGs. (A) Nine clusters were identiﬁed by K-means clustering method. (B) GO enrichment of the DEGs in the nine clusters. (C) Heatmap distribution of
transcription factor (TF) families in the nine clusters. Full list of TFs in the nine clusters were listed in Table S3.

pathway, two genes (Potri.004G208500 and Potri.009G169900) encoding
hydroxymethylglutaryl-CoA reductase (NADPH, EC:1.1.1.34) were
down-regulated in “CF_D”, they were recovered when supplied with O3
(“NF40_W” and “NF40_D”). In MEP/DOXP pathway, three genes
(Potri.006G249700, Potri.008G196500 and Potri.010G015200) encoding
1 deoxy D xylulose 5 phosphate synthase (EC:2.2.1.7) were speciﬁcally down-regulated in “NF40_W”; two genes (Potri.001G099300
and Potri.003G132400) encoding 2-C-methyl-D-erythritol 2,4cyclodiphosphate synthase (EC:4.6.1.12) were down-regulated in
“CF_D” and “NF40_D”; while two genes (Potri.004G210400 and
Potri.009G013400) encoding 4-hydroxy-3-methylbut-2-enyl diphosphate synthase (EC:1.17.7.1) were down-regulated in “CF_D”,
“NF40_W” and “NF40_D” (Fig. 3).

3.5. Differential expression of genes involved in hormone signal pathways
To further conﬁrm the participation of phytohormones in poplar responses to drought and/or O3, we then analyzed the proﬁles of genes involved in phytohormones signal pathways, including ABA, auxin,
brassinosteroids (BRs), cytokinin (CTK), ethylene (Eth), gibberellic
acid (GA), jasmonic acid (JA) and salicylic acid (SA). Genes involved in
ABA pathway were signiﬁcant up-regulated in “CF_D” and were recovered in “NF40_D”. In contrast, genes involved in auxin pathway were
down-regulated in “CF_D” and were recovered in “NF40_W” and
“NF40_D”. Genes involved in GA pathway were up-regulated under
drought conditions (“CF_D” and “NF40_D”) but were repressed in
“NF40_W”. In addition, genes involved in JA and SA pathways were
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Fig. 3. Expression patterns of genes involved in isoprene biosynthesis pathway. Expression patterns of genes coding key enzymes in mevalonate (MVA) pathway and MEP/DOXP pathway
to synthesis isoprene. The color represents the log2 fold change for each gene.

up-regulated in “CF_D” and down-regulated in “NF40_W”, while no signiﬁcant changed in “NF40_D” (Fig. 4).

3.6. Core TFs identiﬁcation response to drought and/or O3
Gene expression was regulated by a series of TFs. To ﬁnd out the primary TFs in each cluster, we then analyzed the potential TF binding sites
(TFBS) based on the promoter sequences of the DEGs in the nine clusters (Fig. 2A). For each cluster, TFs in the same cluster were selected
as prior regulators. After TFBS scanning, a total of 186 TFBS corresponding to 19 TF families were identiﬁed, which can potentially bind to the
promoter regions of the DEGs in the nine clusters (Table S4). The dominant TFs binding the most of DEGs in each cluster were selected for further study (Fig. 5). For instance, the dominant TF HB-1 can bind to
TFmatrixID_0471 with core sequence of “AATAATT”, and this element
available in 75.2% (303 out of 403) genes' promoters in cluster1. The
most represented TFBS in cluster1 (TFmatrixID_0471, “AATAATT”) and
cluster2 (TFmatrixID_0288, “CATTAATT”) shared partially similar sequence “TAAT”. The dominant TFBS in cluster3, 5 and 8 shared the
same core sequence “GTC”, whereas the expression patterns of DEGs
in cluster8 were different with that in cluster3 and 5. In the largest cluster (cluster7), 91% DEGs including ABF2 binding site TFmatrixID_0193.
To validate the accuracy of our RNA-seq, 12 dominant TFs from the
nine clusters (Fig. 5A) were validated using qRT-PCR. The coefﬁcient
of determination (R2) between RNA-seq and qRT-PCR of the 12 TFs
ranged from 0.885 to 0.991, indicating the high accuracy and reproducibility of our RNA-seq data (Fig. 5B).

3.7. Helitrons carrying DEGs involved in drought/O3 responsiveness in poplar
After using HelitronScanner (Xiong et al., 2014), a total of 102
Helitrons capturing DEGs were identiﬁed. Expression patterns of DEGs
captured by Helitrons were shown in Fig. 6A. In the Populus genome,
the 102 Helitrons were unevenly distributed on the 19 chromosomes
(Chr, Fig. 6B); 21 and 24 Helitrons have length of 14–16 kb and
18–20 kb, respectively (Fig. 6C). Interestingly, the DEGs carried by
Helitrons were signiﬁcantly enriched in ion transport related processes
(Fig. S4). In addition, we found eight differentially expressed TFs captured by Helitrons. As shown in Fig. 6D, BLH6, Trihelix and MYB42 were
captured by Helitrons hel_ptr_fwd_209, hel_ptr_fwd_282 and
hel_ptr_fwd_480 on forward strand, respectively; while LOL1, HHO3,
ARF16, GATA4 and OZF2/TZF3 were captured by Helitrons
hel_ptr_rev_021, hel_ptr_rev_343, hel_ptr_rev_357, hel_ptr_rev_358,
hel_ptr_rev_564 on reverse strand, respectively (Table S5). HHO3 belongs to the cluster7 (Fig. 2A), it can bind to 44.4% genes in the same
cluster on site TFmatrixID_0327. Another TF GATA4 in cluster4 was captured by hel_ptr_rev_358, which can bind to 56.6% genes on site
TFmatrixID_0265 (Table S4). Moreover, two DEGs (HAI1 and AZF3) involved in ABA-dependent pathway were captured by hel_ptr_fwd_050
and hel_ptr_fwd_627, respectively (Table S5).

3.8. Protein-protein interaction (PPI) network among the DEGs
Similar expression pattern of DEGs provides the basis for their further physical interaction on protein level. We then analyzed PPI
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Fig. 4. Expression patterns of genes involved in different hormone signal pathway when plants were exposed to two O3 levels [charcoal-ﬁltered ambient air (CF) and non-ﬁltered ambient
air plus 40 ppb (NF40)] and two water conditions [well-watered (W) and moderate drought (D)]. The genes involved in multiple hormone signal pathways including abscisic acid (ABA),
auxin, brassinosteroid (BR), cytokinin (CTK), ethylene (Eth), gibberellic acid (GA), jasmonic acid (JA) and salicylic acid (SA) were analyzed.

relationships among the DEGs under different treatments. As shown in
Fig. 7A, the proteins coded by the up-DEGs in “CF_D/CF_W” and
“NF40_D/CF_W” represented stronger PPI relationships than that of
down-DEGs. For instance, there were 3039 PPI relationships among
281 proteins from “CF_D/CF_W” up-DEGs and 2024 PPI relationships
among 108 proteins from “NF40_D/CF_W” up-DEGs. The protein numbers in “CF_D/CF_W” and “NF40_D/CF_W” down-DEGs' PPI network
were greater than that in up-DEGs' PPI network, whereas the relationships were signiﬁcant decreased, only 1198 and 345 PPI relationships
among 407 and 155 down-DEGs from “CF_D/CF_W” and “NF40_D/
CF_W”, respectively (Table S6). To reveal the function of these
interacted proteins, we further analyzed their enriched protein domains
(Table S6) and GO terms (Fig. 7B and Table S7). Based on the protein domain, L-lactate/malate dehydrogenase (IPR001557) proteins and ribosomal proteins were enriched in “CF_D/CF_W” up-PPI network;
tubulin domain (IPR000217) proteins were enriched in “CF_D/CF_W”
and “NF40_D/CF_W” down-PPI network. Moreover, seven Hsp or Hsf
members (two Hsp90s, four Hsp70s and one Hsf) were identiﬁed in
“CF_D/CF_W” up-PPI network, but only one Hsp90 and one Hsp70 in
“NF40_D/CF_W” up-PPI network (Table S5). According to the GO categories, the proteins involved in “translation” were enriched 9.25-fold
in “CF_D/CF_W” up-PPI network and were increased to 18.87-fold in

“NF40_D/CF_W” up-PPI network; the proteins related to “malate metabolic process” were enriched 19.83-fold in “CF_D/CF_W” up-PPI network whereas no term was enriched in “NF40_D/CF_W” up-PPI
network (Fig. 7B and Table S7).
3.9. Ozone and drought affect growth and stomatal conductance in poplar
To further conﬁrm the interactive inﬂuence of ozone and drought,
we compared the stem height, attached leaves number and gs of leaf
in middle canopy. The vertical growth of poplar was restricted by
drought stress under both CF and NF40 (Fig. 8A). Under CF condition,
the attached leaves number was signiﬁcantly reduced by drought
stress; whereas no signiﬁcant differences between W and D when
plants exposed to NF40 (Fig. 8B). Among the four treatments, the gs
was lowest under combined O3 and drought treatment. The similar
trends were observed at two sampling times, August and September
(Fig. 8C and D).
4. Discussion
Responses of gs to air pollutants vary with species, leaf and tree age,
and in conjunction with other environmental factors (Paoletti, 2005).
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Fig. 5. Core TFs and their binding sites (TFBS) identiﬁcation. (A) The most abundant TFBS and its corresponding TF in each cluster. The full list of the TFBS of the total DEGs were shown in
Table S4. (B) Expression validation of the 12 selected core TFs using qRT-PCR in four treatments combined of two O3 levels [charcoal-ﬁltered ambient air (CF) and non-ﬁltered ambient air
plus 40 ppb (NF40)] and two water conditions [well-watered (W) and moderate drought (D)]. The gene ID of the 12 core TFs: HB1 (Potri.015G065400), HDG2 (Potri.014G152000),
WRKY70 (Potri.006G109100), CIB1a (Potri.004G156000), CIB1b (Potri.007G023600), CIB1c (Potri.009G117300), WRKY40 (Potri.018G019700), WOX13 (Potri.002G008800), ABF2
(Potri.014G028200), NAC029 (Potri.008G08900), RVE1 (Potri.004G074300) and RVE7 (Potri.012G038300).

Generally, stomatal aperture will reduce rapidly under short-term high
O3 exposure, while stomatal response will sluggish under long-term exposure (McAinsh et al., 2002). From this study, the gs was signiﬁcantly
decreased under high O3 or drought treatment in poplar, and further decreased under combined treatments (O3 + drought) (Fig. 8). Not only in
the physiological aspects, were the molecular responses also monitored
by RNA-seq in our study. Notably, the DEGs induced by single moderate
drought were effectively counteracted by high O3 (Fig. 1). The change
trend of gs is not strictly matched with that of DEGs under O3 and/or
drought stresses, which is possibly due to the fact that the phenotypical
response generally is delayed than gene expression level because there
are several steps between them, such as post-transcriptional regulation,
protein level, metabolite level, etc. In plants, drought stress will trigger
the production of ABA and then cause stomatal closure and induce the
expression of stress-responsive genes (Seki et al., 2007). Subsequently,
water saving is assured by stomatal closure driven by ABA-mediated active and/or hydraulic-mediated passive mechanisms (Tombesi et al.,

2015). Compared with the single treatment “CF_D”, the gs was lower
under combination treatment “NF40_D”, it will reduce the water loss
through stomata. In addition, most up-DEGs in ABA pathway under
“CF_D” were recovered under combination treatment “NF40_D”
(Fig. 4). We hypothesize that the ABA biosynthesis induction caused
by drought stress might be restricted by the stomatal aperture restriction when plants are exposed to high O3.
High O3 and its produced ROS (including H2O2, •OH and •O2−) are
toxic to plants through peroxidation and denaturation of membrane
lipids (Schlagnhaufer and Arteca, 1997). It has been reported that elevated O3 alters antioxidant transcripts and metabolites (Leisner et al.,
2017; Yendrek et al., 2015). We have found that the isoprene emission
by NF40 was signiﬁcantly declined in well-watered (−56%) but not in
moderate drought (−25%) (Yuan et al., 2016). Interestingly, three
genes coding enzymes catalyze from D glyceraldehyde 3 phosphate to
1 deoxy D xylulose 5 phosphate, the ﬁrst step of MEP/DOXP pathway,
were only down-regulated under high O3 treatment (Fig. 3), which is
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Fig. 6. Helitrons capturing DEGs involved in drought and/or ozone response in poplar exposed to two O3 levels [charcoal-ﬁltered ambient air (CF) and non-ﬁltered ambient air plus 40 ppb
(NF40)] and two water conditions [well-watered (W) and moderate drought (D)]. (A) Expression clustering of DEGs captured by Helitrons. (B) Distribution of the 102 Helitrons on 19
chromosomes in Populus genome. (C) Size distribution of the 102 Helitrons. (D) Structure of eight Helitrons capturing TFs. Blue letters are 5′ head and 3′ tail of the Helitrons. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

consistent with our previous observed isoprene emission trends. In
plants, MVA and MEP/DOXP pathways located in different organelles
of cells, MEP/DOXP pathway is situated in chloroplast (Lichtenthaler
et al., 1997) and MVA pathway is in the cytoplasm (Owen and
Peñuelas, 2005). Our results indicate that drought mitigated isoprene
emission decline under high O3 mainly due to MEP/DOXP pathway.
Transcriptional regulation of the stress-responsive genes expression
is a crucial part of the plant abiotic/biotic stress responses. Amount of
TFs, such as ERF, bZIP, WRKY, MYB, etc., proved to play important regulatory roles in stress response through activating amounts of stress

responsive genes (Singh et al., 2002). Among the identiﬁed core TFs,
WRKY70 (cluster3) was down-regulated under “CF_D” and recovered
to control level under combined “NF40_D” (Fig. 5). As group III WRKY
TFs, WRKY70 was well-known as positive regulators of plant defense
and negative regulators of SA biosynthesis and senescence (Ülker
et al., 2007). While under drought stress, WRKY70 and WRKY54 cooperate as negative regulators of stomatal closure, and then modulate osmotic stress tolerance by regulating stomatal aperture in Arabidopsis
(Li et al., 2013). In addition, WRKY70 with WRKY46 and WRKY54 involved in BR-regulated plant growth and drought response (Chen
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Fig. 7. Protein-protein interaction (PPI) network of DEGs in poplar response to two O3 levels [charcoal-ﬁltered ambient air (CF) and non-ﬁltered ambient air plus 40 ppb (NF40)] and two
water conditions [well-watered (W) and moderate drought (D)]. (A) PPI network of DEGs in poplar response to drought and/or ozone. The full gene list and their interaction relationships
in each network were shown in Table S6. The enriched protein domain of the genes in each network were listed in Table S7. (B) The enriched GO biological process terms of the genes
involved in the PPI networks. The complete enriched GO terms were shown in Table S8.

et al., 2017). This indicates WRKY70 is associated with stomatal aperture, which can be affected by both drought and O3 treatments. As the
dominant TF in cluster1, HB1 (HAT5, HD-Zip-1) was induced under
“NF40_W” (Fig. 5). In Arabidopsis vitamin C deﬁcient mutant vtc1, the
expression of ABA-modulated genes and ABA contents were increased;
and HB1 was also induced (Pastori et al., 2003). In addition, its homolog
Zmhdz10 from maize positively regulates drought and salt tolerances in
both rice and Arabidopsis through activating stress/ABA-responsive
genes including ABI1, RD22, RD29B and P5CS1 (Zhao et al., 2014). Furthermore, ABF2 (AREB1) in cluster7 was highly induced under CF_D
and was relieved under NF40_D (Fig. 5), and it was well-known as an
essential TF involved in multiple stress tolerance through interacting
with the ABA-responsive elements (Kim et al., 2004). These studies indicate HB1 and ABF2 are involved in multiple stress tolerance regulation
through ABA-dependent signaling pathway. It has been reported that
the MEP/DOXP pathway also connected with foliar ABA and stomatal
opening. When the MEP/DOXP pathway was blocked, isoprene emission was suppressed, leaf ABA content decreased and leaf stomatal

conductance increased signiﬁcantly (Barta and Loreto, 2006). This
means the MEP/DOXP pathway generates a labile pool of ABA that responds rapidly to environmental changes.
In our study, 102 DEGs captured by Helitrons were identiﬁed in poplar response to drought and/or O3 (Fig. 6), and they were enriched in ion
transport related processes (Fig. S4). It's known that ROS plays role in
regulation of ion transport, and the induction of Ca2+ inﬂux across the
plasma membrane is central to ROS signaling and related with stomatal
closure (Pottosin et al., 2014; Ward and Schroeder, 1994). Moreover,
ABA also acts as a signal in modulating the activity of K+ and anion
channels of guard cells. OST1 (a SNF1-related protein kinases) and
PP2CA (a type 2C protein phosphatase) can regulate stomatal movements by ABA in opposite manner through activate or inhibit the
slow-anion channel (SLAC1) (Lee et al., 2009). Interestingly, among
the eight TFs captured by Helitrons, OZF2/TZF3 (a C3H type zinc ﬁnger
family protein) has been proved to involve in ABA response through
the ABI2-mediated signal pathway (Huang et al., 2011; Lee et al.,
2012). The highly ABA-induced PP2C gene 2 (HAI2) and ABI ﬁve binding
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DEGs involved in ABA signal pathways were up-regulated under
drought treatment and were recovered by O3 treatment. After clustering analysis and TF binding sites scanning, a total of 12 core TFs were
identiﬁed, which might play central regulatory roles in O3 and/or
drought responses. Furthermore, 102 Helitrons carrying DEGs
responded to O3 and/or drought, which might be involved in ABAdependent pathway. These ﬁndings provide a comprehensive insight
of combined effects of O3 and drought in poplar.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.11.195.
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Fig. 8. Effects of ozone and drought on growth and stomatal conductance (gs) of poplar.
Plant height (A), attached leaves number (B) and gs on August (C) and September
(D) under two O3 levels [charcoal-ﬁltered ambient air (CF) and non-ﬁltered ambient air
plus 40 ppb (NF40)] and two water conditions [well-watered (W) and moderate
drought (D)]. Bars represent the mean ± SE (n = 3). Tukey's HSD test was applied to
identify signiﬁcant differences between water or among ozone treatments. Different
letters indicate signiﬁcant differences (P b 0.05) between O3 and water treatment at
either time.
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