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FirstFirst……

 VOCs (Volatile Organic Compounds) are important in atmospheric science.

・ Formation of photochemical oxidants and O3 / degradation of OH or O3
・ Formation of aerosols
・ Carbon cycle                                                 (奥村 2009)

 VOC can be divided into two types.

・ AVOCs: Anthropogenic VOCs from solvent and burning fossil fuel, etc.
・ BVOCs: Biogenic VOCs mainly from vegetation and ocean

 AVOCs and BVOCs are different in that;

・ Larger global emission of BVOCs (0.5~1.2PgC/yr) than AVOCs (0.1Pg)
(Guenther 1995 J. Geophys. Res.)

・ High reactivity of BVOCs (terpenes) compared to AVOCs with OH or O3
(Griffin et al. 1999 J. Geophys. Res.)



BVOCs from vegetationBVOCs from vegetation

 Isoprene (hemi-terpene)
Acacia, Eucalyptus, Populus, Salix, Quercus are high emitters among tree species

 Mono-terpene, di-terpene, sesqui-terpene

 Methanol

 Ethylene (alkene)

 Alkanes, organic acids, aldehydes, alcohols…

 Methane

 Categorized as green leaf volatiles, herbivore-induced volatiles, 
allelochemicals

 There are also belowground VOCs (root exudates)
(Kegge and Pierik 2010 Trends Plant Sci.).



TerpenesTerpenes

Isoprene

 Protection against heat  
→ This may explain why many tropical plants emit isoprene.
(Sharkey and Singsaas 1995 Nature)

 Protection against O3
(Loreto and Velikova 2001 Plant Physol.)

 67% of the photosynthetically fixed
carbon was reemitted as isoprene
from Kudzu (Pueraria lobata) leaves
(Sharkey and Loreto 1993 Oecologia).

Mono-terpene

 Non-stomatal O3 flux
(Goldstein et al. 2004 Geophys. Res. Lett.)

(Fuentes et al. 2000 Bull.Am.Meteol.Soc.)



BVOCs and climate changeBVOCs and climate change

 It can be estimated that climate warming could have increase global 
BVOCs emissions by 10%.

 Generally elevated CO2 decreases and elevated O3 increases 
isoprene emission

(Peñuelas and Staudt 2010 Trends Plant Sci.)



(Peñuelas and Staudt 2010 Trends Plant Sci.)
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Introduction

 Recent studies have shown interactions between biogenic volatile organic 
compounds (BVOCs) and atmospheric ozone (O3).

1. contribution of isoprene (BVOCs) to O3 formation (Chameides et al. 1988)

2. O3 stimulates isoprenoid emission by leaves (Loreto et al. 2004)

3. isoprenoids reduce O3 damage, (Loreto et al. 2001, 2004) and
4. the mechanism may be that isoprene reduces intercellular NO and H2O2
formation (Velikova et al. 2005)

 Present and predicted climate change is expected to increase the formation 
of these gases.

1. 50%-increase of atmospheric O3 by 2100 (Fowler et al. 1999)

2. climate warming is also expected to increase isoprenoid emissions by 
plants because of the strong temperature-dependence of isoprenoid 
biosynthesis (Loreto and Sharkey 1990)

 The objective of this study was to know 
whether O3 only affects the physiology and anatomy of leaves directly
exposed to high levels of O3,
or if it also affects new leaves not directly exposed to O3.



Material and Methods 
– Plant material & The ozone fumigation system-

 3-year-old plants of Populus alba were used.
5 plants referred to as treatment, and other 5 as controls. 

 Branch cuvettes (3 l of volume) were installed at the bottom of the stem 
including the basal (3 to 4) leaves.
The top part of the cuvettes was tied to the stem to avoid leaks.
The stems existing on the top part of the cuvettes were cut to allow the 
sprouting of 1 bud only per stem during the O3 treatment. New buds 
appeared after 1 week and new shoots grew within 3 weeks after cutting.

 O3 treatment (150 ppb) was done for 11 h / day (7:00-18:00) and 
for 1 month.
In control, O3 concentration was 0 ppb at night but 40 ppb during the central 
hours of the day.
The buds developing on the stem out of the cuvettes grew at ambient O3
concentration (similar to control).



Material and Methods Material and Methods 
–– Photosynthesis and isoprene measurementsPhotosynthesis and isoprene measurements

 Photosynthesis, stomatal conductance, intercellular CO2 concentration (Ci) 
were calculated after measuring gas-exchange with Li-6400.

 Chlorophyll fluorescence was measured simultaneously.

In particular, the quantum yield of photosystem 2 in darkened leaves  
(Fv/Fm) and illuminated leaves (⊿F/Fm’) were measured.

 Isoprene emission from leaves was detected simultaneously to gas-
exchange measurements, connecting the outflow of the Li-6400 to a proton-
transfer-reaction mass-spectrometer.

(関川 2004 樹木生理生態学)



Material and Methods 
– Histological observations & RNA analysis

 At day 30 of the experiment, leaf tissue pieces were excised from 4 portions 
of each leaf on 5 replicates per treatment.

 Leaf sections were observed under a light microscope or a transmission 
electron microscope.

 Total RNA was extracted from frozen, homogenized leaf tissue.

 A given amount of total RNA was reverse transcribed.

 The complementary DNA was used for PCR with actin and isoprene 
synthase (PaISPs).
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resultsresults

 Measurements were carried out following leaf material:

1. the first three leaves expanding out of the cuvettes. These leaves were 
named A1 (first leaf), A2 (second leaf), A3 (third leaf).

2. the leaves growing inside the cuvette since the beginning of the 
experiment. These leaves were named B.

3. the leaves expanding from buds inside the cuvettes during the experiment. 
These leaves were named C.

 In B leaves, O3 damage were observed after 3 days of the treatment. Many 
of the leaves were shed during the experiment.



resultsresults

 A1 leaves within 1 week from beginning the O3 treatment showed peculiar 
morphology and anatomy.
The leaves were small and lost the typical shape of poplar leaves.
The leaves were much thicker than other leaves.
All components of the leaf contributed to make A1 leaves thicker and
their mesophyll more packed.

 These features were lost in A2 and A3 leaves, which were similar to control 
leaves.

 New leaves developed inside the cuvettes (C) were resistant to O3.
C leaves developed with a time frame similar to A3 leaves, and
were thinner in O3-treated plants, because of a reduced height of the palisade 
parenchyma and reduced size of intercellular spaces in the spongy 
parenchyma. 
The mesophyll of O3-treated C leaves was densely packed and palisade cells 
were smaller.

A1A1
A2A2

A3A3

CC

mesophyll
：葉肉



resultsresults

 A difference between C and A leaves in O3-treated plants was indicated.
Photosynthesis response to increasing Ci was less steep, indicating a lower 
Rubisco activity in C leaves.

 There were differences between A1 and A2 leaves of O3-treated plants, 
which was observed at Ci higher than ambient.
A1 and A2 leaves were affected by a strong developmental control on 
photosynthesis, rather than a direct effect of the O3 treatment.

For example, C leaves of control plants and A3 leaves of O3-treated and 
control plants were ontogenetically similar and showed the same response 
of photosynthesis.
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resultsresults

 No differences were found in the quantum yield of dark-adapted leaves 
measured by Fv/Fm.
But in illuminated leaves the quantum yield of C leaves was affected by 
growth under high O3 (or by developmental control).

 The ⊿F/Fm’ was higher in control and O3-treated A1 leaves.
This confirmed the indications supplied by gas-exchange data, that
photosynthesis of developing leaves was limited by the electron-transport-
driven regeneration of RuBP, irrespective of O3 treatment.
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resultsresults

 Electron micrographs showed the accumulation of many starch granules in A 
leaves of control plants.
No starch accumulation was observed in A3 leaves of O3-treated plants.
Starch accumulation in A2 leaves of O3-treated plants was about 50% of that in 
controls, and that in A1 leaves was not different between treatments.

 Electron microphotograph of cells of O3-treated (A: left) and control (B: right) A3 
leaves.

bars represent 10 μm in panel A and 5 μm in panel B.
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resultsresults

 The O3 treatment caused a stimulation of isoprene emission from leaves.

This increase was significant in C and A1 leaves.

 In A1 leaves, isoprene emission was associated to a larger expression of 
isoprene synthase (PaISPs) mRNA.
It’s expression also matched the age-dependent reduction of isoprene 
emission in A leaves.

***: P<0.01, *: P<0.1



discussion discussion -- anatomyanatomy

 The anatomical changes of A1 leaves were dramatic and indicated that O3
can strongly impact on their development. 
However, the impact of O3 was rapidly lost in leaves developing after A1, 
suggesting that O3 only affects the closest leaf to the O3 source.

 The signalling system, which brings about these developmental 
changes, is unknown.
It may be possible, alternatively, that O3 sensitivity be mediated by 
the different developmental stage of the leaves, being stronger in 
leaves already developed (e.g. A1) than in those still developing (e.g. 
A3).



discussion discussion -- starchstarch

 Similar to other studies (e.g. Oksanen 2003), O3-induced starch depletion was 
observed. 

Interestingly, despite O3 impact on leaf anatomy, A1 leaves revealed a well-
preserved photosynthesis which are similar to those observed in control 
leaves of corresponding developmental stage. 
However, a very low accumulation of starch was noted in leaves developing 
after A1 in O3-treated plants. 

 These results suggest that the biosynthesis of starch is delayed, as 
this would explain why no differences were found in fully developed 
leaves (e.g. A1), whereas newly developing (A3) leaves of O3-treated 
plants were unable to accumulate starch. 
However, it cannot be excluded that starch was in fact produced, but 
exported very rapidly from A3 leaves to stronger sinks of O3-treated 
plants.
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discussion discussion –– isoprene 1isoprene 1

 The observed isoprene stimulation in A1 leaves, developing above O3-treated 
leaves, expands the observation that leaves recovering from O3 stress emit 
more isoprene (Velikova et al. 2005) or monoterpenes (Loreto et al. 2004).

As in the case of other physiological and anatomical features, also isoprene 
emission was not affected in leaves far from the O3 treated leaves, 
although a residual stimulation was noted in A2 leaves.

 It should be considered that isoprene emission is under a strong
developmental regulation, the low emission of young leaves being
regulated at a transcriptional level because of the low amount of  
PaISPs mRNA and protein (Wiberley et al. 2005).

Our finding confirms that PaISPs mRNA is very low in leaves that start 
to develop, and suggests that indirect O3 treatment does not affect early 
stages of isoprene emission, at least on leaves far from the O3 source.

It remains to be tested, however, whether O3 may induce earlier 
emission of isoprene in leaves near O3 source (A1 leaves).



discussion – Isoprene 2

 Isoprene emission is often associated to the availability of photosynthetic 
intermediates.

However, this is not the case in A leaves, which showed no photosynthesis 
stimulation with respect to A leaves of control plants. 

 Isoprene stimulation in A1 leaves was associated with a greater 
expression of PaISPs gene, indicating that isoprene emission of leaves, 
developing above leaves being treated with O3, can be regulated at the 
transcriptional level, as also observed in leaves exposed to light and 
heat stress (Sasaki et al. 2005).



discussion discussion -- OO33 resistance resistance 1
 1.

New leaves (C leaves) developed inside the cuvettes under high O3, while 
already developed leaves (B leaves) showed larger damage and were 
eventually shed. This observation reveals adjustments to the O3 resistance. 

 2.
As well as previous observation of O3-induced reduction of leaf thickness 
and packed cell structure (Oksanen et al. 2005), 
C leaves exposed to O3 was more packed than C leaves of controls and 
other leaf classes, suggesting that O3 diffusion might be reduced and that 
this may be related to the observed resistance.

 3.
Probably, C leaves also have a more developed antioxidant system
protecting them from O3 (Diara et al. 2005, Pell et al. 1997).

 3’.
Isoprene was described to have an antioxidant action protecting leaves from 
O3 (Loreto and Velikova 2001). 
We have detected a stimulation of isoprene emission in C leaves directly 
exposed to O3.



discussion discussion –– OO33 resistance 2resistance 2

 However, the emission of O3-treated C leaves was lower than that in A1 
leaves and in B leaves at the beginning of the treatment.

Two aspects should be considered when analyzing this data set.
First, C leaves were analyzed at a very young stage, comparable to those of 
A3 leaves. This is reflected in a yet low developmental capacity to produce 
isoprene as also indicated by the very low level of PaISPs mRNA detected 
in C leaves.
Second, the photosynthesis of C leaves was perturbed by direct O3
treatment and this may have further limited isoprene production.

 4?
A large limitation of photosynthesis was revealed in O3-treated C leaves.
The limitation was particularly evident at low CO2 levels at which 
photosynthesis responds linearly to CO2 and this is due to Rubisco activity 
(von Caemmerer and Farquhar 1981).
Rubisco is known to be negatively affected by O3, causing photosynthesis 
limitation in O3-stressed leaves (Pell et al. 1997). It is suggested that Rubisco 
remains a parameter sensitive to O3, even in leaves that acquire resistance 
to O3.

(小池 2004 樹木生理生態学)



summarysummary

 Large changes in the anatomy of the leaves developing immediately 
after those treated by O3 were detected. 
These leaves also showed a stimulation of isoprene emission not 
associated with higher photosynthesis levels, indicating that a larger 
fraction of the carbon was allocated to form isoprene as an indirect
consequence of O3 stress.

 O3 also indirectly affected starch accumulation in developing leaves, 
probably delaying starch biosynthesis or causing a rapid translocation of 
starch to other plant parts.

 This study also revealed that direct treatment by O3 may lead to the 
development of a thin class of leaves, with packed mesophyll and
resistant to O3.
These leaves also showed isoprene stimulation, again revealing a larger 
carbon investment into the isoprenoid pathway, whereas photosynthetic 
rates were limited by Rubisco activity.


