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Introduction
Tropospheric ozone (O3) is a secondary 

air pollutant resulting from emission of  
nitrogen oxides (NOx) and volatile organic 
compounds1 (VOC) under the infl uence 
of  sunlight. Oxidative stress from elevated 
levels of  tropospheric ozone affects sensitive 
vegetation by inducing cell death in leaf  
tissue that in many cases leads to early leaf  
senescence.2 A previous study demonstrated 
that, in the ozone-sensitive tobacco cv Bel W3, 
high levels of  ozone-induced SA can trigger 
ROS (H2O2) production and subsequent cell 
death.3 Ozone can reduce the competitive 
fi tness of  sensitive genotypes, including 
extirpation of  the most sensitive. Some of  
which may provide important ecological or 
economic services.4-6 In addition, decreased 
genetic variability as a result of  ozone stress 
on sensitive genotypes may alter the ability 
of  plant populations to adapt to other 
changes in the environment. To prevent cell 
damage induced by oxidative stress or repair 
injury plants use a complex defense system, 
involving a number of  stress-related defense 
genes.7 Response to ozone-induced stress is 
often estimated by evaluating the transcript 
abundance of  defense-related genes. 

The trees used in this study were 
chosen for their geographic distribution  
and economic and ecological importance. 
Liriodendron tulipifera, also known as 
yellow poplar, grows taller than any other 

Materials and Methods
Ozone treatments 

Seedlings from the two plant species 
were randomly assigned to four continuous 
stirred tank reactor (CSTR) chambers. 
Theses chambers are effective in creating 
controllable environments for each 
simulated condition. The chambers utilize 
a single fan at the top of  the chamber that 
stirs the air within the system to ensure even 
distribution of  ozone treatment within the 
tank. The control chamber condition was set 
to 10ppb which approximates the fl uctuating 
natural baseline levels of  tropospheric ozone 
in the environment without the presence of  
additional exogenous ozone. The chamber 
setting of  80ppb represents the former 
national air quality standard for ozone set 
by the EPA.9 Some of  the more heavily 
polluted cities occasionally see tropospheric 
ozone levels around 125ppb, so it was 
deemed necessary to monitor the effects on 
plant tissue at this level as well. The fourth 
chamber setting was maintained at 225ppb 
to depict results at an extreme level of  ozone 
pollution. The exposure of  the seedlings 
to ozone for only eight hours a day refl ects 
the importance of  sunlight in ozone uptake. 
Ozone levels are higher during the day, so 
eight hours of  exposure creates a more 
authentic model of  an environment that 
fl uctuates as a natural ecosystem would.

hardwood tree species in the United States 
and accounts for approximately 11.2% of  
U.S. commercially available hardwoods, 
which makes its economic value diffi cult 
to ignore.8 The main uses of  tulip poplar 
include: furniture, kitchen cabinets, doors, 
musical instruments, exterior trim and siding, 
paneling, moldings and millwork. Uses for 
black gum primarily include landscaping in 
urban areas. They also thrive in regions that 
experience drought or fl ooding conditions. 
The tree itself  is usually overlooked in 
spring, but in the fall the foliage of  this 
species radiates a deep reddish, purple color 
which makes it an aesthetically appreciated 
specimen in the eastern hardwood forest.8

The main goal of  the project was to 
provide lasting genomic and biological 
resources for addressing future forestry 
challenges including growth, adaptation, and 
response to abiotic and biotic stress factors 
(i.e. drought, insect pests, disease, etc.). In 
this study we analyzed and compared whole 
transcriptome responses of  two tree species 
to three ozone levels. This transcriptome 
study provided an overall comparative 
evaluation of  gene expression changes 
induced by oxidative stress among trees 
differing in their sensitivity to ozone, and 
was a part of  a larger project dedicated to 
enhancing genomics resources for hardwood 
trees native to Eastern North America.        

Abstract
Analysis was performed on gene expression induced by elevated atmospheric ozone in two hardwood trees: tulip poplar (Liriodendron 
tulipifera, L.) and black gum (Nyssa sylvatica, Marsh). The two species were treated at three levels of  ozone (80, 125, 225 ppb) cover-
ing the EPA’s Air Quality Index range of  exposure.9 From visual observation, elevated ozone caused foliar injury (stippling) in tulip 
poplar, but not in black gum. Total RNA was isolated from control and ozone-stressed leaf  tissue samples for transcriptome analysis. De 
novo assembly of  the RNA sequence data generated 46,794 unique transcripts for black gum and 39,224 unique transcripts for tulip 
poplar. Differential gene expression among transcripts was quantifi ed as fold change in expression between ozone treatments and controls.  
Differential gene expression analysis revealed that increasing the ozone exposure increased the number of  up-regulated genes. This study 
provides evidence that ozone exposure induces gene expression in hardwood trees. Oxidative stress triggers complex responses that cannot 
be explained entirely by global gene expression analysis.
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DNA library construction
Three collections of  whole leaf  samples 

taken from each of  the individually 
numbered tree saplings were made over 
the course of  28 days. The first sample was 
collected after seven hours of  exposure to 
detect immediate changes induced by ozone 
exposure. Samples thereafter were collected 
after 14 days and 28 days of  ozone exposure; 
which provided ample time for noticeable 
change between treatments. After collection, 
each sample was immediately flash frozen 
in liquid nitrogen and stored at -80°C until 
RNA extraction. Leaf  tissue was ground 
into a fine powder under liquid nitrogen, 
from which RNA was extracted using a 
modified CTAB protocol.10 Conversion of  
mRNA into cDNA libraries for sequencing 
was accomplished using the reagents and 
protocol provided in the Illumina® TruSeq™ 
RNA Sample Preparation Kit (Illumina, San 
Diego, CA). Separate cDNA libraries were 
prepared for each ozone treatment and each 
time point of  the study resulting in a total of  
12 libraries per plant species.

 
Sequencing and data analysis

Sequencing was conducted by a rapid 
run on an Illumina MiSeq 2500 machine 
at the Genomic Analysis Core Facility 
at Pennsylvania State University. The 
reads (individual sequences) have been 
made  publicly available through NCBI’s 
Sequence Read Archive, for black gum 
accession: SAMN03289128 ID: 3289128 
to SAMN03299126 ID: 3299126, for tulip 
poplar accession: SAMN 03289111 ID: 
3289111 to SAMN03299129 ID: 3299129. 
The resulting Illumina FASTQ reads were 
trimmed and assembled into contigs using 
CLC Genomics Workbench (CLC Bio, 
Qiagen). RNA-Seq analysis was performed 
by mapping sequence reads to the transcript 
contigs, then counting read numbers and 
distribution across transcripts. Subsequently, 
expression analysis was conducted using the 
Transcriptomics Analysis toolbox in CLC 
Genomics Workbench (CLC Bio, Qiagen).11

Results
Based on visible injury, black gum 

seedlings appeared to be more ozone 
tolerant than tulip poplar without measure 
of  fitness or productivity. Tulip poplar 
displayed ozone-induced foliar injury 
expressed as both stipples and necrotic 
patches as a response to the highest ozone 
treatment (225ppb) (Figure 1), while black 
gum seedlings showed only signs of  slight 
chlorosis of  leaf  tissue at 225ppb (Figure 2). 

Over 12 million sequence reads were 
generated from sequencing 12 cDNA 
libraries from black gum and 14 million 
for tulip poplar. After quality assessment 

for black gum, app. 70% could be annotated 
with functional gene ontology.  For tulip 
poplar, only 50% of  the transcript contig 
sequences could be annotated with known 
functional gene ontology (GO) and assigned 
to a GO category (biological processes, 
cellular components, or molecular function 

and trimming, the black gum and tulip 
poplar reads were assembled into 46,794 
and 39,224 transcript contigs, respectively. 
The sequencing and assembly statistics 
are summarized in Table 1; where N is the 
number of  contigs or set of  overlapping 
genetic segments. Of  the contigs assembled 

Figure 2. Interveinal chlorosis on leaves of  a black gum seedling treated for 28 days with 225 ppb ozone concentration.

Figure 1. Stipples and necrosis on a leaf  of  a tulip poplar seedling treated with 28 days with 225 ppb ozone concentration.
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etc.). It should be noted that the different 
GO categories are non-exclusive, resulting 
in some contigs being placed into more than 
one category. For both species the most 
dominant biological processes represented 
were in the cellular and metabolic categories. 
Various biotic and abiotic stresses categories 
were also identified in major biological 
processes (Figures 3 and 4).

Figures 3 and 4 show that there was 
little difference overall in the various 
biological processes represented within the 
transcriptomes of  the two species; yet, tulip 
poplar displayed more ozone induced injury 
than the black gum after qualitative analysis. 
This suggests three possibilities to explain 
differences in visible ozone injury: 1) that 
the physiological and metabolic processes 
occurring in response to stress in black 
gum are more efficient in preventing ozone 
toxicity than in tulip poplar, 2) that differences 
in levels of  expression of  individual genes 
are more important than the number of  
genes represented in each category, or 3) 
or that there are yet other uncharacterized 
processes, such as constitutive structural 
differences, that make some species more 
tolerant to ozone than others.

To investigate gene expression in more 
detail, the RNA-seq approach was used to 
identify genes (transcript contigs) that were 

Table 1. RNA sequencing and transcript contig assembly statistics summary.

Avg. Length (bp) Count Total Bases
Black Gum
Reeds, total 132 12,229,343 1,619,402,038

Assembled reads 131 9,262,527 1,221,528,338
Unassembled reads 134 2,966,816 397,873,700

Contigs 729 46,794 34,127,914
N75 507
N50 938
N25 1,608

Minimum 104
Maximum 8,508

Tulip Poplar
Reads, total 135 144,118,935 1,901,357,265

Assembled reads 135 11,649,363 1,567,160,429
Unassembled reads 135 2,469,572 334,196,836

Contigs 822 39,224 32,246,212
N75 566
N50 1,148
N25 1,943

Minimum 102
Maximum 7,876

Figure 3. Black Gum Pie Chart
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differentially expressed between ozone 
treatments and control. A summary of  
the results is presented in Tables 2 and 3. 
Plants, in general, respond to oxidative stress 
through a series of  complex interrelated 
processes.  In that context, we found that 
differential expression analysis identified 
a higher percent of  genes that were up-

the response of  the two selected species 
was transcriptionally similar except at the 
higher ozone exposure, where we also 
detected visual differences. Both functional 
annotation and differential gene expression 
analysis showed that there was high similarity 
in plant response to ozone stress even 
though the two species had differential 
response in terms of  severity of  leaf  injury. 
A potential limitation of  our approach is 
that while high throughput sequencing 
technology provided us with opportunities 
to study transcriptome dynamics by 
providing a wealth of  information, emphasis 
on detailed examination of  the differentially 
expressed genes may provide better insights 
into mechanisms than global comparisons 
of  expression. 

Gene expression analysis through RNA-
seq and high throughput sequencing provides 
an effective method for investigating the 
response of  non-model species to oxidative 
stress. The study of  harmful ozone effects on 
plant tissue is widely applicable to oxidative 
stresses, because plants with an ability to 
respond to ozone stress might have an 
advantage in the context of  pollution. Our 
future research will thus emphasize more 
detailed studies on the roles of  differentially 
expressed genes. Particular interest should be 
placed on the expression of  genes encoding 

regulated in black gum than in tulip poplar, 
but only at the highest ozone level (Tables 
2 and 3).

Discussion
The goal of  this study was to identify 

the overall pattern of  gene induction under 
oxidative stress. Our results indicate that 

Table 2. 
Number of  
differentially 
expressed 
genes 
identified in 
black gum 
at different 
magnitudes 
of  expression, 
at each ozone 
treatment 
level.  

Table 3. 
Number of  
differentially 
expressed 
genes 
identified in 
tulip poplar 
at different 
magnitudes 
of  expression, 
at each ozone 
treatment 
level.  

Black Gum 80 ppb vs. CO 125 ppb vs. CO 225 ppb vs. CO

2-fold 2517 2928 4426
2-fold upregulated 51% 47% 47%
4-fold 1541 1619 2385
4-fold upregulated 51% 47% 54%
8-fold 902 858 1229
8-fold uprregulatd 50% 46% 54%

Tulip Poplar 80 ppb vs. CO 125 ppb vs. CO 225 ppb vs. CO

2-fold expressed 2236 2191 4114
2-fold upregulated 51% 44% 47%
4-fold expressed 1426 1425 2391
4-fold upregulated 54% 49% 48%
8-fold expressed 829 761 1345
8-fold uprregulatd 50% 47% 44%

Figure 4. Tulip Popular Pie Chart
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the enzymes involved in the metabolic 
pathways related to stress signaling.

Conclusion
Our report is one of  the first on the 

comparative transcriptome analysis of  ozone 
stress in hardwood species. Our results show 
that black gum was more ozone tolerant than 
tulip poplar in terms of  foliar injury but the 
differences in leaf  injury cannot be explained 
by the overall gene expression patterns. 
Therefore, identification of  specific genes 
with protective function could provide more 
insight into sensitivity/tolerance to ozone 
stress. These results provide a foundation for 
understanding the molecular mechanisms of  
the oxidative stress response in woody species.
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