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Abstract
Background: Tropospheric ozone, the most abundant air pollutant is detrimental to plant and animal
health including humans. In sensitive plant species even a few hours of exposure to this potent oxidant
(200–300 nL. L-1) leads to severe oxidative stress that manifests as visible cell death. In resistant plants
usually no visible symptoms are observed on exposure to similar ozone concentrations. Naturally
occurring variability to acute ozone in plants provides a valuable resource for examining molecular basis
of the differences in responses to ozone. From our earlier study in Medicago truncatula, we have identified
cultivar Jemalong is ozone sensitive and PI 464815 (JE154) is an ozone-resistant accession. Analyses of
transcriptome changes in ozone-sensitive and resistant accession will provide important clues for
understanding the molecular changes governing the plant responses to ozone.

Results: Acute ozone treatment (300 nL L-1 for six hours) led to a reactive oxygen species (ROS) burst
in sensitive Jemalong six hours post-fumigation. In resistant JE154 increase in ROS levels was much reduced
compared to Jemalong. Based on the results of ROS profiling, time points for microarray analysis were one
hour into the ozone treatment, end of treatment and onset of an ozone-induced ROS burst at 12 hours.
Replicated temporal transcriptome analysis in these two accessions using 17 K oligonucleotide arrays
revealed more than 2000 genes were differentially expressed. Significantly enriched gene ontologies (GOs)
were identified using the Cluster Enrichment analysis program. A striking finding was the alacrity of JE154
in altering its gene expression patterns in response to ozone, in stark contrast to delayed transcriptional
response of Jemalong. GOs involved in signaling, hormonal pathways, antioxidants and secondary
metabolism were altered in both accessions. However, the repertoire of genes responding in each of these
categories was different between the two accessions. Real-time PCR analysis confirmed the differential
expression patterns of a subset of these genes.

Conclusion: This study provided a cogent view of the unique and shared transcriptional responses in an
ozone-resistant and sensitive accession that exemplifies the complexity of oxidative signaling in plants.
Based on this study, and supporting literature in Arabidopsis we speculate that plants sensitive to acute
ozone are impaired in perception of the initial signals generated by the action of this oxidant. This in turn
leads to a delayed transcriptional response in the ozone sensitive plants. In resistant plants rapid and
sustained activation of several signaling pathways enables the deployment of multiple mechanisms for
minimizing the toxicity effect of this reactive molecule.
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Background
Ozone, a major component of smog in the troposphere, is
hazardous to life due to its oxidative nature [1,2]. In
ozone-sensitive plants acute exposure to this toxic pollut-
ant leads to necrosis, caused by uncontrolled death of
mesophyll cells [3,4]. In resistant plants of the same spe-
cies there is no visible cell death on exposure to similar
ozone concentrations. The physiological parameters espe-
cially stomatal conductance is regarded as an important
factor determining plant sensitivity to ozone, since it
determines how much ozone can enter into the cells [5,6].
However, several studies have indicated a poor correlation
between ozone sensitivity and stomatal conductance in
various plant species [7-9].

Ozone rapidly degrades into various ROS species at the
cell wall interface [10-12]. A biochemical marker for plant
sensitivity to ozone is an apoplastic ROS burst after ozone
treatment, which is absent or reduced in ozone-resistant
plants [12-14]. The role of ROS as a signaling molecule is
gaining increasing attention [15-20]. Consequently, plant
responses to ozone must be examined in the context that
ROS can be cytotoxic at high concentrations and act as key
signaling molecules at lower concentrations [21-24].

Alterations in ROS metabolism due to ozone will impact
the overall plant redox status [24-26]. Changes in the anti-
oxidants such as ascorbate and glutathione, key compo-
nents of redox signaling, have been reported in response
to ozone [4,8,27-34]. Given that apoplastic ascorbate
forms the first line of defense against ozone, differences in
ascorbate level have been suggested to be a major factor in
determining plant resistance or sensitivity to ozone [35].
This is supported by Arabidopsis vtc1 mutant, which has
lowered ascorbate levels and is sensitive to ozone [29].
Since ascorbate is an important signal transducing mole-
cule [36] extensive reprogramming of gene expression has
been documented in plants with lower levels of this anti-
oxidant [37]. Similarly, interaction of ozone with apo-
plastic ascorbate could lead to massive transcriptome
changes.

The phytohormones salicylic acid (SA) and ethylene (ET)
are important second messengers of oxidative stress sign-
aling, involved in lesion initiation and propagation dur-
ing ozone mediated cell death [5,38-44]. Jasmonic acid
(JA) plays an important role in PCD containment by
down regulating both SA and ET [40]. Arabidopsis eco-
types and mutants with higher intrinsic levels of ethylene
have been reported to be sensitive to ozone [42,43]. Thus
naturally occurring variability to ozone in various plant
species may be due to intrinsic differences in phytohor-
mone levels.

There are several reports examining changes in plant gene
expression in response to ozone using microarrays [4,45-
50]. Most of these studies were focused on either an
ozone-tolerant or an ozone-sensitive line, or examined
changes in gene expression at one time point. Cross-com-
parisons between these studies are hampered by the dif-
ferences in ozone treatment conditions, microarray
platforms and plant species. In this study we have per-
formed time course analysis of changes in gene expression
in response to acute ozone treatment using the ozone-sen-
sitive Jemalong and ozone-resistant JE154 accession. Time
points selected were one, six, and twelve hours after treat-
ment initiation. We present the results of this microarray
analysis and discuss important gene ontologies (GOs)
that are unique to each M. truncatula accession and the
possible roles of these genes in ozone/ROS signaling.

Results
ROS profiles in ozone treated M truncatula accessions
ROS analysis of both accessions showed "ozone-derived"
ROS peaks at one hour during fumigation (Figure 1).
Despite lower stomatal conductivity in JE154 compared
with Jemalong [8] this data demonstrated that ozone
entry and initial reactions were similar between the two
accessions. A distinct "plant-derived" ROS burst was
observed in Jemalong 12 hours after initiation of treat-
ment (Figure 1). High levels of ROS were maintained in
Jemalong up to 24 hours after treatment initiation. ROS
levels in JE154 post-ozone fumigation were slightly
higher than the corresponding controls but this was not
statistically significant. An interesting observation was the
innately higher levels of ROS in JE154 control plants com-
pared to Jemalong. ROS profiling provided a basis for
choosing time-points to conduct expression profiling. The
one-hour time point was selected since ozone-generated
ROS levels were significantly up in both accessions. The
six-hour time point represented the end of ozone fumiga-
tion. The 12-hour time point marked the start of a sus-
tained plant-derived ROS burst in Jemalong.

Ozone induced changes in gene expression patterns
Overall correlations of microarray data from the biologi-
cal replicates ranged between 0.7–0.87. In JE154, 2102
genes were differentially expressed across all three-time
points in response to ozone, while in Jemalong 2397
genes were classified as ozone-responsive [see Additional
files 1, 2, 3, 4, 5, 6]. Though the total numbers of genes
that were differentially expressed were similar between the
two accessions, remarkable differences were observed at
the three tested time points. The ratio-intensity plots
showed the marked contrast between the two accessions
in their temporal patterns of gene expression both in mag-
nitude and direction (Figure 2). In Jemalong, the patterns
of changes for both the up and down regulated genes were
similar. Early during the ozone treatment there were few
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changes, while maximal changes in transcriptome were
observed at the end of treatment. Number of genes differ-
entially expressed post-treatment was slightly lower com-
pared to the six-hour time point (Figure 3). In JE154, the
changes in number of induced genes was opposite to that
in Jemalong, with maximal induced genes observed early
in treatment and fewer changes at the end of ozone treat-
ment. Like in Jemalong, the number of induced genes
increased post-ozone treatment. These contrasting pat-
terns for induced genes may be an important factor con-
tributing to the differences in ozone related phenotypes
between these accessions. In JE154 the number of down
regulated genes was similar across the three time points
(Figure 3).

Commonly differentially expressed genes between acces-
sions were maximal at the end of treatment. A similar pat-
tern was reported in a study of ozone responsive genes in
sensitive and resistant pepper cultivars [46]. Despite larger
numbers of induced and repressed genes at the 12 hour
time point (in comparison with 6 h time point) in JE154,
the overlap with the differentially expressed genes of
Jemalong at this time point was very low (Figure 3). This
suggested that post-ozone treatment different signaling
pathways were altered in the two accessions and may be
crucial for manifesting the ozone phenotype.

Gene ontologies of ozone responsive genes
In order to gain insight into the biological significance of
genes differentially expressed between accessions we
examined GOs using Cluster Enrichment Analysis
(CLENCH) [51]. Non-overlapping GOs containing three
or more genes are shown in Table 1. All the three levels of
GO classification (Process, Function and Compartment)
were important in identifying ozone responsive genes. In
JE154, 17 GOs were identified as significant one hour into
treatment (Table 1). At six hour there was 35 GOs that
were significantly overrepresented in Jemalong. This was
consistent with the fact that the largest number of differ-
entially expressed genes was identified in this time point.
At 12 hours in JE154, 14 unique GO's were upregulated
and four were down regulated. In Jemalong the opposite
pattern was observed at 12 hours, wherein 11 GOs were
repressed and five were up regulated. Despite 33% more
genes induced at 12 h in Jemalong compared with JE154,
the number of identified GOs was very low, indicating an
uncoordinated response in the sensitive plant. Four GOs
in the set of induced genes (Response to wounding,
response to SA, response to UV, multidrug transport) were
common to all time-points in JE154, while none met this
criterion in Jemalong. Five GOs in the set of induced genes
(Defense response, Response to JA, Response to oxidative
stress, Cellulose and pectin containing cell wall, ER) were
common to two time points in JE154. Among genes
repressed in Jemalong, the GO categories, response to JA
and nutrient reservoir activity were enriched at six and 12
hours (Table 1).

GOs with contrasting responses in JE154 and Jemalong
Response to oxidative stress
Seven of the nine genes belonging to GO – response to
oxidative stress, were oppositely regulated between the
two accessions at the 12 h time point. This included
HSP17.6, peroxidase73, calreticulin, isoflavone reductase,
chalcone synthase, 2-alkenal reductase and SAG21, whose
expression were up regulated in JE154 but were repressed
in Jemalong. Induction of peroxidases and 2-alkenal
reductase in JE154 indicates the resistant accession was
pro-active in reducing oxidative damage. The down regu-
lation of these genes in Jemalong could lead to the build
up of ROS and subsequent oxidative cell death.

Response to SA and JA
CLENCH analysis identified several GOs associated with
phytohormones in both JE154 and Jemalong. Significant
up regulation of SA and JA responsive genes were
observed at the one-hour time point only in JE154 (Figure
4). We speculate that JE154 may rapidly increase its SA
levels due to higher intrinsic ROS compared with
Jemalong (Figure 1). This is further supported by the
observation that ROS levels in both accessions were simi-
lar one hour after ozone treatment, yet this GO did not

Total ROS levels in M. truncatula accessionsFigure 1
Total ROS levels in M. truncatula accessions. Leaf sam-
ples were taken at 0, 1, 4, 8, 12, 16, and 24 hours. Gray bar 
on x-axis represents ozone treatment for six hours. ROS lev-
els are reported in Relative Fluorescence Units per mg pro-
tein. ** P < 0.01 for significance of total ROS change in ozone 
treated plants as determined by Student t-test.
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come up in Jemalong. It is also possible that higher levels
of ROS in JE154 could lower the threshold level for SA-
induced gene induction in this accession, since this GO
was also up at six and 12 hour time points.

Genes associated with JA stimulus showed dramatic dif-
ferences between accessions. JA responsive genes were up
in JE154 at the one and 12-hour time points and were
down regulated at the six-hour time point. Enrichment of
JA biosynthesis genes at 12 hours in JE154 indicated that
this phytohormone could be playing a protective role in
containing ROS-induced cell death [52]. JA responsive
genes were repressed in Jemalong at the six and 12-hour
time points. Genes associated with ethylene signalling
were down regulated at the 12 h time point in Jemalong.

Thus in Jemalong, SA, JA and ethylene signalling path-
ways were repressed while in JE154, JA biosynthesis, and
SA and JA pathway related genes were induced. The con-
trasting responses in the hormone signalling genes sup-
ports the view that phytohormones play an important
role in determining plant responses to ozone [5,40,53].

Flavonoid Pathway
Increase in transcription of genes involved in flavonoid
biosynthesis was observed in JE154 across all time points
in response to ozone (Figure 5). Jemalong showed up reg-
ulation of flavonoid biosynthesis genes only at six hours.
Further, levels of up regulation were less than that
observed in JE154. We focused on identifying the subsets
of flavonoid pathway that were differentially regulated

Ratio-Intensity plots of microarray data in M. truncatula accessionsFigure 2
Ratio-Intensity plots of microarray data in M. truncatula accessions. The M (magnitude) value represents the log2 
ratio of change in gene expression of ozone: control. The A (abundance) value represents the log10 value of the product of 
ozone and control background-corrected hybridization intensity values.
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between the two accessions. At the one-hour time point,
JE154 up regulated genes associated with pathways lead-
ing to medicarpin biosynthesis, while Jemalong down reg-
ulated expression of chalcone synthase homologues. At
six hours both accessions up regulated a majority of the
genes in flavonoid biosynthesis pathway (Figure 5). The
notable difference was that JE154 had a greater degree of
up regulation in several genes, most notably chalcone syn-
thase homologues. Given the pivotal role of chalcone syn-
thase to the entire pathway, a significant up regulation
could eventually lead to a wider variety of flavonoid com-
pounds [54,55].

At twelve hours, JE154 up regulated genes leading to
medicarpin synthesis, as well as, dihydrokaempferol and
dihydroquercetin (Figure 5). In addition, JE154 down reg-
ulated the enzyme flavonol synthase that uses dihy-

drokaempferol and dihydroquercetin as a substrate for
flavonol synthesis [56,57]. With the up regulation of fla-
vonoid-3-monooxygenase, the enzyme responsible for
converting dihydrokaempferol to dihydroquercetin [58],
at 12 hours in JE154, the data suggested a buildup of dihy-
droquercetin. In Jemalong we observed a general down
regulation of the pathway particularly leading to medi-
carpin, and up regulation of leucoanthocyanidin dioxyge-
nase homolog, involved in flavonol biosynthesis.

GOs unique to JE154
Isoprene biosynthesis
Isoprenoids have been shown to be important antioxi-
dants in plants especially in response to ozone [59]. At the
12 hour time point in JE154 key genes in the isoprenoid
biosynthesis pathway were strongly up regulated. Both
cytosolic and plastidial pathway genes for isoprene bio-

Venn diagram representation of differentially expressed acute ozone responsive genes at different time points in M truncatula accessionsFigure 3
Venn diagram representation of differentially expressed acute ozone responsive genes at different time points 
in M truncatula accessions.
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Table 1: Significant gene ontology categories of ozone-responsive genes in M truncatula determined by Cluster Enrichment analysis

Gene Ontology JE154 Jemalong

Cat. 1 6 12 1 6 12

Multidrug transport P + + + +
Response to SA P + + + -
Response to UV P + + +
Response to wounding P + + + +/-
Response to JA P + - + - -
Defense Response P + +
ATPase activity F +
Calcium ion binding F +
Calmodulin binding F +
Hydrolase activity F +
Kinase activity F +
Sugar porter activity F +
Transcriptional repressor F +
Vacoular membrane C +
Carboydrate metabolic process P -
Transferase activity F -
Translation initiation P -
ER C + + +
Response to oxidative stress P + + + -
Cellulose and pectin containing cell wall C + +
Ubiquitination P +
Chloroplast C - -
Peptidyl-pro-isomerase activity F - -
Photosynthesis P - - +
Response to light stimulus P -
Cytosol C + + -
Phenylpropanoid biosynthesis P + +
Response to heat P + +
Senescence P + +
Copper ion binding F - +
Toxin catabolism P - +
AMP binding F +
Cell wall constituent F +
ESCRT III complex C +
Lignin biosynthesis P +
Peroxidase activity F + -
Response to cold P +
Response to fungus P +
Response to salt stress P +
Response to virus P +
Peptidase activity F + -
Response to light P + -
Chlorophyll biosynthesis P -
Embryonic development P -
FK506 binding F -
GA mediated signaling P -
Glucan metabolic process P -
Lipoxygenase activity F -
Metal ion binding F - +
Nutrient reservoir activity F - -
Photorespiration P -
Starch biosynthesis P -
Flavonoid biosynthesis P +
Isoprenoid biosynthesis P +
JA biosynthesis P +
Oligopeptide transport P +
Protein folding P +
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Sucrose biosynthesis P +
UDP-glycosyltransferase activity F +
Water deprivation P +
Glutathione transferase activity F -
Response to biotic stress P -
Ca ion binding F -
Chromosome organization P +
Development P -
Light harvesting complex C +
Protein myristoylation P -
Response to ethylene P -
Ubiquitin thiolesterase activity F +
Unfolded protein binding F -

1,6 and 12 refers to the time points in hours at which the GO's were determined to be significant by CLENCH program. Only those GOs that had 
3 or more genes are listed in this table.
Abbreviations: Cat. – GO category; P – process; F – function; C – compartment; + indicates that the genes belonging to that GO category were up 
regulated and - indicates genes in that GO category were down regulated.

Table 1: Significant gene ontology categories of ozone-responsive genes in M truncatula determined by Cluster Enrichment analysis 
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Heat map view of salicylic acid and jasmonic acid responsive genes differentially expressed in response to acute ozone in M trun-catula accessionsFigure 4
Heat map view of salicylic acid and jasmonic acid responsive genes differentially expressed in response to acute 
ozone in M truncatula accessions. Red indicates induction while green color represents repression of gene expression and 
black indicates no change in expression.
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synthesis are up regulated. The first committed enzyme in
plastidial Deoxy-xylulose pathway, Deoxy-xylulose-5-
phosphate reductase, and the penultimate enzyme, Iso-
pentenyl-di-phosphate synthase, was up regulated. The
first committed enzyme in cytosolic mavelonate pathway,
3-hydroxy-3-Methylglutaryl CoA reductase, was also up
regulated. Activation of key genes involved in isoprene
biosynthesis in both cytosolic and plastidial compart-
ments suggests an important role for isoprenes in resistant
response of JE154 to ozone.

GOs unique to Jemalong
Peroxidase activity
At the six-hour time point Jemalong up regulated six dif-
ferent peroxidases suggesting it was taking active measures
to reduce the amount of ROS. Interestingly, this GO (com-
prising of five of the six genes) was down regulated at the

12-hour time point. Consistent with the down regulation
of peroxidases, a concomitant increase in ROS levels were
observed in Jemalong that was sustained up to 24 hours
(Figure 1).

Ascorbic acid biosynthesis
At the six hour time point in Jemalong, two important
genes in the ascorbic acid biosynthesis, GDP-mannose-1-
phosphate guanyl transferase, and GDP-mannose epime-
rase, were down regulated. At the same time a copper ion
binding protein encoding L-ascorbate oxidase was up reg-
ulated. In tobacco plants a homolog of this enzyme is
localized to apoplast wherein it oxidizes ascorbate leading
to enhanced ozone sensitivity [34,36]. We speculate that
oxidation of apoplastic ascorbate due to higher levels of
ROS and concomitant reduction in the biosynthesis of

Representation of flavonoid pathway with cognate heat maps of genes from microarray analysisFigure 5
Representation of flavonoid pathway with cognate heat maps of genes from microarray analysis. For enzymes 
with multiple substrates and products, colored arrows connect substrates to their corresponding products.
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ascorbate, may contribute to the increased ozone sensitiv-
ity in Jemalong.

Real-time PCR analysis
We examined the changes in gene expression of 15 genes
using real-time PCR. Genes were selected based on the
changes in gene expression at the 1, 6 or 12-hour time
point. Genes unique to Jemalong or to JE154 were
selected for this analysis. Four genes from jemalong and
11 genes from JE154 gave consistent results compared
with the microarray data (Table 2).

Discussion
ROS bursts are common in plants in response to environ-
mental perturbations and are generated utilizing multiple
cellular processes [60-65]. Based on the similarity of the
ROS profiles in response to ozone and avirulent patho-
gens, ozone has been described as a model abiotic elicitor
of ROS in plants [66]. Previous work has shown that in
ozone sensitive plants there is a plant produced ROS burst
post ozone treatment not present in resistant plants of the

same species [12-14,41]. Our studies confirm that there is
a sustained ROS in sensitive M truncatula accession
Jemalong, post-ozone treatment. There was a large varia-
tion in ROS levels observed at the 12 h time point in
resistant JE154. This may be due to sporadic microscopic
cell death previously reported in resistant accessions of
other plant species [5,67].

Temporal transcriptome analysis of M truncatula acces-
sions provided insights into differences in expression and
type of genes that are important for ozone resistance or
sensitivity. The massive transcriptome changes, especially
the large number of transcription factors [see Additional
table 7] and signaling genes differentially regulated early
could assist JE154 in adapting to stress rapidly. Down reg-
ulation of translation initiation process could potentially
allow JE154 to tweak its proteome to limit the extent of
damage caused by ozone induced ROS (Table 1). On the
contrary, a subdued transcriptional response in Jemalong
at the early time point indicates a weakness in the percep-
tion and/or signaling of ozone-derived ROS, even though

Table 2: Real Time PCR analysis of select ozone responsive genes in M truncatula

Acc-time Gene name Primer sequences RT FC/Array FC

Jemalong 1 h Isoflavone Reductase F-CTGCTAACCTCTTTGCTGGA 1.7/1.1
TC52198 R-CCAAAGAGATGAACCTTGTC

Jemalong 6 h CA dehydrogenase F-GGGTGAAAGTAGCAAAGGC 16.2/10.5
TC51691 R-TGTCAGCTCCAAGATCCTCA
Vestitone Reductase F-GAGCTGATCCAGAACGTAA 4.7/7.9
TC51930 R-GTTGCTTAGATCGGCGTTG

Jemalong 12 h SOD F-GCTGTGGCAGTTCTTGGTAA 3.1/4.1
TC51579 R-ACAGTGGTTGGACCATTTCC

JE154 1 h Vestitone Reductase F-GAGCTGATCCAGAACGTAA 7.2/4.0
TC51930 R-GTTGCTTAGATCGGCGTTG
GST 14 F-CATCACTGCATGGATGACCA 10.3/11.6
TC44882 R-CATGAAATGCCTCTCTGCGA
Chitinase F-TTGTGATCCAGCCTCAAACG 1.9/1.5
TC45276 R-ACCTCCGAGAGATAGCAAC

JE154 6 h Vestitone Reductase F-GAGCTGATCCAGAACGTAA 9.4/3.6
TC51930 R-GTTGCTTAGATCGGCGTTG
GST 14 F-CATCACTGCATGGATGACCA 3.2/10.1
TC44882 R-CATGAAATGCCTCTCTGCGA
Chitinase F-TTGTGATCCAGCCTCAAACG 6.8/4.2
TC45276 R-ACCTCCGAGAGATAGCAAC

JE154 12 h Vestitone Reductase F-GAGCTGATCCAGAACGTAA 6.0/4.0
TC51930 R-GTTGCTTAGATCGGCGTTG
GST 14 F-CATCACTGCATGGATGACCA 7.0/3.2
TC44882 R-CATGAAATGCCTCTCTGCGA
Chitinase F-TTGTGATCCAGCCTCAAACG 18.8/20.3
TC45276 R-ACCTCCGAGAGATAGCAAC
NAD Dehydrogenase F-TTCGTTGGGACTGGTTCTTG -3.6/-2.9
TC47869 R-GCTCCCACGTAAATAAGTAG
Peroxidase 2 F-CTGGTGGTCCATCCTATACA 8.5/8.6
TC43707 R-GAGGGAGCCTTCCATTTAC

Abbreviations: Acc-time: accession name – time points. F and R in front of the primer sequences refer to the forward and reverse primers, 
respectively. CA – cinnamyl alcohol; SOD – superoxide dismutase. RT-FC refers to fold change observed in the real time PCR analysis. Array-FC 
refers to fold change observed in microarray analysis.
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ROS levels were similar to that of JE154 at one hour (Fig-
ure 1).

We speculate that the early up regulation of kinase activity
especially homologs of OXI1 kinase [68], MAPKKK [69]
and several calcium/calmodulin dependent protein
kinases facilitated reprogramming JE154 transcriptome
towards defensive. The consistent up regulation of defense
and hormone responsive genes in JE154 may contribute
to the observed resistance to ozone. On the contrary, the
down regulation of defense response genes and hormone
responsive genes in Jemalong, especially at the 12 hour
time point when the ROS levels are significantly high,
could lead to its susceptibility to ozone induced oxidative
stress.

Increased SA accumulation in Arabidopsis and tobacco
plants is associated with ozone sensitivity [41,70]. SA
potentiates the generation of ROS in photosynthetic tis-
sues during stresses and ROS in turn triggers the produc-
tion of SA in a feed-forward self-amplifying loop [41,70-
72]. Recent studies have shown that in Arabidopsis plants
pathogen-induced NADPH oxidase-derived ROS sup-
pressed cell death and was dependent on SA [73]. It is
tempting to speculate that in JE154 the ozone-induced
ROS and SA could similarly be suppressing the cell death.
Down regulation of peroxidase genes in Jemalong at 12-
hour time point may lead to build up of ROS. Coupled
with the repression of JA signaling pathway, this can
potentially lead to spreading of cell death lesions in
Jemalong.

Another aspect of the ozone-induced phenotype in
Jemalong was extensive chlorosis. In a comparative study
of ozone responses in several bean cultivars, high sto-
matal conductance accompanied by chlorophyll loss was
a common feature of sensitive cultivars [74]. Higher sto-
matal conductance in Jemalong compared with JE154 [8],
and down regulation of genes involved in chlorophyll
biosynthesis at six hours in Jemalong supports the
observed phenotype and is consistent with report of
ozone sensitivity in bean cultivars.

Based on comparisons of microarray data, transcriptional
responses to ozone and UV-B have been reported as simi-
lar [75]. This shared response may be attributable to the
production of antioxidant isoflavonoids [76-78]. Given
the importance of these legume natural products [79,80],
we examined our microarray data focusing on the flavo-
noid pathway (Figure 5). Differential expression profiles
of the flavonoid pathway at the 12 hour time point is vital
in view of the differences in properties of dihydroquer-
citin and quercitin. Dihydroquercetin has been studied
for its antioxidant properties in the animal system where
it was able to act as an antioxidant with low toxicity [81-

84]. It has also been found to inhibit lipid peroxidation in
rats [82]. Since JE154 up regulated flavonoid-3-monoxy-
genase we speculate it may be able to lower the ROS levels
at 12 hours through the antioxidant effects of dihydro-
quercetin. In addition, down regulation of flavonol syn-
thase may aid in preventing buildup of quercetin.
Interestingly, dihydroquercetin and quercetin differ in
structure by a double bond, but have very different prop-
erties in response to cellular stress [85]. In human
endothelial cells exposed to heat stress and chemical treat-
ment, quercetin dramatically increased cell death while
dihydroquercetin treatment resulted in cell death rates
similar to those of control cells [85]. This suggested that
the resistance to ozone in JE154 might be aided by its abil-
ity to tweak the flavonoid pathway for maximizing anti-
oxidants promoting cell survival.

In JE154 the up regulation of isoprene biosynthetic path-
way could be an important factor for limiting the ROS lev-
els post-ozone fumigation. Isoprenes have strong
antioxidant role in plants exposed to ozone and reduce
lipid peroxidation of cellular membranes, especially the
chloroplast membranes [59,86]. Thus the ozone resist-
ance phenotype of JE154 can be attributed to its swiftness
in responding to the stress and the diversity of defense,
hormone and antioxidant genes it recruits. Initial tardy
response to ozone in Jemalong, exacerbated by down reg-
ulation of ascorbate biosynthesis and hormone signaling
pathways may be contributing to its sensitivity.

Conclusion
Naturally occurring genetic variation in M truncatula to
acute ozone provides a useful resource for molecular
genetic analysis of the oxidative signalling pathway. There
were significant differences in the ROS levels in response
to acute ozone fumigation between the sensitive Jemalong
and resistant JE154. The ozone-generated ROS burst dur-
ing the treatment was similar in both the accessions. How-
ever, the ozone–induced ROS burst, six hours after the
end of the treatment were different between the two acces-
sions. ROS profiling showed that similar to tobacco, in M
truncatula the bi-phasic ROS burst in response to ozone is
observed in resistant JE154 but not in the sensitive
Jemalong. Secondly, significant differences in the physio-
logically relevant, in-planta induced ROS in these two
accessions provided a compelling rationale for examining
the differences in gene expression at this time point.

Using a ozone-resistant accession and a sensitive acces-
sion simultaneously for time-course expression profiling
was extremely useful for understanding the temporal
dynamics of changes in gene expression in response to
ozone. The most striking finding was the seemingly naïve
response in Jemalong at the early time point compared to
massive changes in gene expression in JE154. We have
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observed a similar response in the ozone-sensitive Ws-0
ecotype of Arabidopsis [4]. This suggests that in the resist-
ant plants, ozone or ozone-induced signalling molecules
are perceived rapidly, that in turn leads to activation of the
down stream signalling events. A mapping based strategy
using these two accessions will aid in the identification of
such ozone resistance genes. Further, examination of pairs
of ozone-resistant and sensitive lines in other plant spe-
cies will aid in determining if ozone sensitivity is due to a
passive response with reference to changes in gene expres-
sion.

In the resistant JE154, transcriptome analysis indicated
early and sustained activation of multiple signalling path-
ways such as phytohormones, antioxidants, defense
response and secondary metabolism. Induction of multi-
ple signalling pathways has been reported in the ozone-
resistant Columbia ecotype of Arabidopsis [47,49,50]. As
suggested above, examination of pairs of resistant and
sensitive lines in other plant species will assist in identify-
ing a common set of ozone responsive genes that can be
useful for screening germplasms of crop plants for intro-
gressing ozone resistance trait in plant breeding programs.

Methods
Plant growth conditions
JE154 and Jemalong were selected for this study based on
their divergent responses to ozone stress [8]. Plants were
cultivated in Metro Mix 200 (Scotts-Sierra Horticultural
Products Company, Marysville, OH) in a growth room
under a light source of 100 µmols s-1 m-2, with 10 hours of
light and 14 hours of darkness and ambient O3 levels (25–
30 nmol mol-1) for fifty days. Plants were maintained in
2-inch pots and each pot had 1–2 plants. Pots were placed
on a plastic tray and were watered at 3–5 day intervals
with Peters Excel 15-5-15 fertilizer (Scotts-Sierra Horticul-
tural Products Company, Marysville, OH).

Ozone treatment
Fifty-day-old plants of both JE154 and Jemalong were
exposed to 300 nL L-1 of ozone for six hours, between
10:00 AM and 4:00 PM. Control plants were maintained
in the growth room under ambient ozone conditions and
identical lighting and temperature settings. Plants were
selected randomly from three different pots at each time
point. At least 3–4 trifoliates were sampled from each
plant. Both young and old trifoliates were harvested at 0,
1, 4, 6, 8, 12, 16, and 24 hours after the start of treatment,
frozen in liquid nitrogen, and stored at -80°C. Two bio-
logical replications were conducted and the leaf samples
from corresponding time points were pooled for ROS
analysis and microarray experiments.

ROS quantification
ROS were measured in control and ozone treated leaf
samples using a Versa-Fluor Fluorometer (Bio-Rad) as pre-
viously described [8]. The experiment was repeated four
times and the results averaged.

Microarrays and hybridizations
Microarray slides containing 70-mer oligonucleotide were
obtained from the Samuel Roberts Noble Foundation and
are described previously [87].

Trizol reagent (Invitrogen, Carlbad, CA) was used for total
RNA isolation from leaf samples at one, six, and 12 hours
after the start of ozone treatment. RNA quality was
assessed by northern blot analysis using a GAPDH gene
specific probe.

Samples were labeled with Cy-3 and Cy-5 dyes by amino-
allyl labeling method [49]. In most of the hybridizations
the control cDNA was labeled with Cy3 and the ozone-
treated sample was labeled with Cy-5. For one technical
replicate for each time point in both accessions, control
cDNA was labeled with Cy5 and ozone treated sample
was labeled with Cy-3 dye. Hybridizations were carried
out overnight at 42°C. Slides were washed with 2 × SSC,
0.2% SDS for five minutes, followed by sequential washes
in 1 × SSC for three minutes, 0.5 × SSC for two minutes, 1
× SSC for one minute and 0.05 × SSC for 15 seconds. The
slides were dried by spinning in a centrifuge at 500 rpm
for five minutes and were scanned in an array scanner
(ScanArray Express, PerkinElmer Life Sciences, Boston,
MA).

Microarray data analysis
A total of 19 microarray slides were used in this study. For
Jemalong four biological replicates were conducted for
the one and six-hour time points and three replicates for
the 12-hour time point. There were three biological repli-
cates of JE154 hybridizations for the one and six hour
time points, and two replications for the 12-hour time
points. Scanned images were analyzed using GenePix soft-
ware (Molecular Devices, Toronto). Gridding was per-
formed utilizing map files supplied by Noble Foundation
(Ardmore, OK). Spots showing signal saturation on both
dye channels were flagged and removed from analysis.
Mean values of signal intensities were used. A background
value of 300 was chosen based on the average fluores-
cence intensities in non-spotted areas of the slides consid-
ered for this analysis.

Pre-processed results from GenePix analysis were fed into
GenePix auto processor (GPAP) [88], a web-based appli-
cation utilizing R (language for statistical computing and
graphics) and Bioconductor (freely available software for
genomics data sets). Local LOWESS normalization was
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used to balance the mean fluorescence intensities between
the green and red channels. Genes showing a two or more
fold change in gene expression (P-value < 0.05) were
selected based on this program for further detailed analy-
sis.

Cluster Enrichment analysis
CLENCH 2.0 [51] was used to analyze the microarray data
for enriched gene ontology clusters. Since the M. truncat-
ula genome is not as well characterized as A. thaliana,
genes were examined by BLAST search for A. thaliana
homologues and used in CLENCH analysis. The total
gene list comprised of all the genes that were reliably
detected on the microarray for each accession and at each
time point. Statistically significant up and down regulated
genes were analyzed separately in each accession for each
time point. Slim-Terms (provided by TAIR), a coarser level
view of the complete GO terms, was used in this analysis.

The template for the flavonoid pathway was retrieved
from the KEGG database [89]. The pathway was modified
and color-coded using Microsoft Paint program. The heat
maps derived from the microarray analysis were generated
using the Genesis program [90].

Real-Time PCR analysis
Total RNA isolated for microarray analysis was diluted to
approximately 200 ng/uL. One microgram of this total
RNA was used for cDNA synthesis, using Superscript
reverse transcriptase (Invitrogen), carried out according to
the manufacturer's instructions. A 1:10 and a 1:20 dilu-
tion of the cDNA were used for the real-time PCR analysis.

Up and down regulated genes in JE154 and Jemalong at
different time points were selected for this analysis. Four
genes that were equally expressed in both the lines were
used as controls. Primers were designed using Primer
express program (Applied Biosystems) to amplify 80–100
base pair fragment and the primers used are listed in the
Table 2.

Real-time RT-PCR was performed using the iQ SYBR
Green kit (Bio-Rad) as follows: for a 25 µL reaction, 12.5
µL of Master mix, 0.75 µL of 10 µM forward and reverse
primers and 1 uL of cDNA template were added. Samples
were run and analyzed using GeneAmp 7500 Real Time
PCR machine using the cycling protocol 95°C 10 min fol-
lowed by 95°C 15 sec, 52°C 20 sec, and 72°C 45 sec for
40 cycles.

Normalization was done with the control genes using the
delta delta-Ct method. The experiment was repeated twice
using different cDNA preparations and the average delta
delta Ct values of the two replicates were plotted with
standard deviations. In order to determine the delta Ct

value, averaged Ct values of ozone treated samples were
subtracted from the average Ct value of control samples.
Fold change was computed by multiplying the delta Ct
value by two. To adjust for differences in cDNA concentra-
tions, real time PCR was performed on genes expressed
similarly for each of the three time points. To adjust for
differences in cDNA concentrations the fold change value
generated from these experiments was then subtracted
from the fold change of the samples. For Jemalong 1 hour,
Jemalong 12 hour, and JE154 6 hour, gene TC56786 was
used to establish differences in cDNA concentrations.
Gene TC51792 was used to normalize differences in
cDNA concentrations in Jemalong 6 hour. Gene TC46232
was used to normalize differences in cDNA concentra-
tions in JE154, 1 hour. Finally an average of two genes,
TC46973 and TC52875, which did not change in expres-
sion, was used to establish differences in cDNA concentra-
tions in JE154 12 hour time point.
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