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Chapter 1

General introduction

Isoprene (2-methyl-I-3-butadiene, Fig. 1-1) is emitted by a variety of plants,

and is the major component of biogenic volatile organic compounds (BVOCs). At a

global scale, BVOC has an important impact on atmospheric chemistry and regional air

quality. Isoprene emissions from plant species are estimated to be 500 Tg (10 12 g)

C/year, and comprise the major parts of photochemically reactive gasses in the

troposphere. There has been an increasing interest in isoprene emissions from natural

sources. The terrestrial isoprene emission from plant origin is the level almost

comparable to the sum of anthropogenic plus biogenic sources of methane. Isoprene

emission from vegetation therefore represents a significant carbon loss from the

forest ecosystems.

Fig. 1-1 Chemical structure of isoprene

Isoprene plays an important role in regulating the oxidative capacity of the

lower atmosphere and influencing the concentrations of green house gases such as

methane. Isoprene readily reacts with the hydroxyl radicals (OH) which is the

principal oxidizing agent of the troposphere, and this reaction consequently results in

decreased oxidizing capacity. Lowered oxidation capacity of troposphere indirectly
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affects climate by influencing the concentration of carbon monoxide, ozone and

methane in the atmosphere. This is especially true for the case of the green house gas,

methane. Isoprene is considerably more reactive with OH than is methane, decreasing

the concentration of OH in the atmosphere, and indirectly expanding the atmospheric

lifetime of greenhouse gas, methane.

Another aspect of isoprene to mention is its role in the regulation of

tropospheric air quality. Ground-level ozone and particulate matter typically

associated with photochemical smog are formed by the photoxidation of volatile organic

compounds (VOCs) in the presence of nitrogen oxide. Isoprene therefore can

aggravate the air pollution problems in areas where nitrogen oxide pollution is high,

such as highly populated industrialized areas. The tropospheric ozone produced by

photochemical reactions of VOCs is not only toxic to human health but also reduces

crop yields. It thus has actually been reported that surface ozone may pose a threat to

agricultural productivity in the tropical region because ozone is the most prevalent and

damaging air pollutant to which the plants are exposed.

Isoprene emitted by plant is synthesized in chloroplasts via

2-methylerythritol-4-phosphate (MEP) pathway as shown in Fig. 1-2. The pathway

was first identified in bacteria, and begins from glyceraldehyde-3-phosphate and

pyruvate, and proceeds through several steps leading via

I-deoxyl-D-xylulose-5-phosphate (DXP) and 2-methyl-D-erythritol (MEP) to

isopentenyl pyrophosphate (IPP). The enzyme IPP isomerase converts IPP to

demethylallylpyrophosphate (DMAPP). The final step for the production of isoprene

from DMAPP is catalyzed by isoprene synthase, and has been considered to be the

rate-limiting step controlling overall emission rate of isoprene from plant leaves. As
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shown in Fig. 1-2, the major part of the precursor for isoprene biosynthesis is derived

from newly assimilated photosynthetic carbon, glyceraldehydes-3-phosphate and

pyruvate. Photosynthetic fixation of carbon is thus essential for the supply of substrate

to the biosynthetic pathway of isoprene.

Although there is still uncertainty in terms of biotic regulation mechanisms,

plants potentially emit isoprene as a means of thermal protection ofthylakoid

membrane within chloroplasts. The observation of high heat tolerance among isoprene

emitting plant species comes to the theory that isoprene flux closely correlates with

changes in leaf temperature, and possibly water stress. Supporting evidence for this

theory comes from studies showing that exposure of the shaded leaf to high light and

temperature induced to emit increasing amount of isoprene. The thermal protection

theory has important implications for air quality, because the highest rates of biogenic

isoprene emissions would likely occur on hot days when there is the potential for

development of high levels of tropospheric ozone in locally polluted air.

According to global models, tropical forests account for the majority of BVOC

emissions, and therefore exert a profound effect on the atmospheric chemistry, and on

the climate as a consequence. Because BVOC is emitted into the atmosphere as a

by-product of natural processes, its emission is strongly affected by

ecosystem-dependent factors. High BVOC emissions from the tropics stem from

year-around growing seasons and high biodiversity, which allows at least several

isoprene emitters occur in the ecosystem containing hundreds of different plant species.

Although daily maximal tropical forest emissions of BVOCs at any given time may be

quite low compared to maximum emissions from temperate deciduous forests, annual

emissions will most likely be much higher from tropical forest due to the high light and
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temperature conditions throughout the year. Due to the high annual emissions and

influence on global atmospheric chemistry, it is very important to develop an isoprene

emission inventory for the regional forest ecosystem.

Modeled estimates of isoprene emissions tended to be based on little data of

direct field measurements. Subtropics Okinawa, as well as tropical forest, can be a

potential source of isoprene to the atmosphere because of year round higher temperature

and light intensity. Although several modeling studies to estimate isoprene emission

from subtropical forest in Asian district have been made, to date there are such scant

data describing the direct measurements of isoprene emission from tropical trees

growing in subtropics. The current study has been conducted in the hope that isoprene

emission inventory of subtropical forest contributes to modeling or estimation of future

global changes in climate. This study therefore aimed at characterization of isoprene

emission from tropical trees in subtropics Okinawa, Japan.
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Chapter 2

Isoprene emission from tropical trees in Okinawa

Part 1

Validation of measurement method

Introduction

Regional to global isoprene emissions are typically based on the emission

capacity (EC) at standard conditions, leaf temperature of30 °c and photosynthetically

active radiation (PAR) of 1000 f.lmol/m2/s. The most commonly applied method for

the measurements of EC in the field has been branch or leaf enclosure, in which

isoprene was corrected by passing the sample air through particular adsorbent packed in

glass cartridge. Our current study also adopted this enclosure method, and validated

the measurement method in the first place of this study.

It has been commonly known that some adsorbent such as Tenax TA will not

completely retain isoprene at ambient temperature. This section therefore describes

the validation of measurement method of isoprene in the field.

Method

A flow-through enclosure with inlet and outlet nozzle was made for healthy

leaves using a transparent polyethylene bag (about 0.16 L of volume as determined by

water displacement). The outlet nozzle was connected to an electric pump, and air
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current leaving the enclosure was introduced to a glass cartridge (4.5 mm ID x 10cm)

containing 1.6 ml adsorbent Tenax TA (Shimadsu, Kyoto, Japan) or Carbtrap (Supelco,

Bellfonte, USA) for 2 min with a flow rate of 0.2 L min-I. The adsorbed volatile

compounds were desorbed by heating the cartridge to 190DC, and introduced into a gas

chromatograph (OC) by a solid phase adsorption-desorption system (Flush sampler

FLS-3, Shimadzu, Kyoto, Japan) with a flow rate of 1.1 ml min-I. Split ratio for the

injection was 1:9. The column used was DB-VRX (0.25 mm ID x 30 m, J & W

Scientific Inc., CA, USA) with helium as the carrier gas at a flow rate of 38 cm S-I.

The volatile compounds were separated isothermally at a column temperature of 60 DC.

Isoprene was identified by gas chromatography mass spectrometry (OCMS-2010,

Shimadzu, Kyoto, Japan). Mass spectra were obtained by full scan mode with the

monitoring mass range from 40 to 100 m/z. Ionization was by electron impact at 70

eV, and the temperatures for ion source was 200 DC, and 250 DC for transfer line

interface.
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Result and discussion

There has been two most commonly used adsorbent for the measurement of

isoprene emission, Tenax TA and Carbotrap, and these two adsorbent were examined as

to their retaining and resolution capacity of BVOCs. Figure 2-1-1 and 2-1-2

respectively shows the separation of BVOCs collected from the leaves of tropical tree

Cinnzmomumjponicum by Tenax TA (Fig. 2-1-1) and Carbotrap (Fig. 2-1-2). Only

a small difference was noted in the ability to retain isoprene between Tenax TA and

Carbtrap with rather poor separation of BVOCs on Carbtrap than Tenax TA, probably

because of strong adsorption ofBVOCs by Carbotrap. We therefore choose Tenax TA

as adsorbent of isoprene in the current study.

The largest peak in Figs. 2-1-1 and 2-1-2 showed comparable retention time to

the authentic standard of isoprene, suggesting that the largest peak is isoprene.

MS-spectrum of sample peak (Fig. 2-1-3) was identical with that of authentic standard

isoprene (Fig. 2-1-4), and verified this identification.

It has been known that Tenax TA, sampled at ambient temperature will not

completely retain isoprene. For this reason, when using Tenax TA for sampling

isoprene, several researchers back it up with a stronger adsorbent such as Carbotrap, or

cool the Tenax TA before sampling. To justify the collection method, a standard

response curve for authentic isoprene (GL sciences, Tokyo, Japan) was constructed with

the same absorption-desorption system using Tenax TA as described above. Briefly,

the cartridge containing Tenax TA was fluxed with 0.4 L air at a flow rate of 0.2 L min'l

as the case for sample collection, and the standard isoprene gas was introduced into the

inlet air-flow with a gas-tight syringe in 2 min. The adsorbed isoprene was desorbed

by heating the cartridge as described above. A good linear correlation between the
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concentration of isoprene and peak intensity was obtained by this method as shown in

Fig. 2-1-5. The background levels of isoprene in the inlet-air measured by this method

were usually less than 0.22 nmol and accounted for less than 2 % of the emissions from

high emitting species. It may be that in this case, the flow rate was low enough, and

the sampling time was short enough, that breakthrough of isoprene did not occur.

Thus, the method by Tenax TA and conditions used was considered to be accurate

enough for the measurement of isoprene emission in the field.
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Part 2

Measurement of emission rate in the field

Introduction

There has been an increasing interest in isoprene emission from natural sources.

Isoprene emitted from terrestrial vegetation plays important roles in tropospheric

chemistry: (1) isoprene readily reacts with hydroxyl radicals (OH) and nitrogen oxides

to produce tropospheric ozone (Trainer et al. 1987; Chameides et al. 1988; Thompson

1992) which is toxic to human and reduces the agricultural productivity (Reich and

Amundson 1985; Runecklers and Chevone 1992), (2) isoprene increases the

atmospheric lifetime of greenhouse gas methane by competing for OH radicals, the

principal atmospheric oxidizing compounds of methane (Fehsenfeld et al. 1992), (3)

isoprene emission can represent a significant carbon loss from forest ecosystems in the

range of 0.5-2% of net plant photosynthesis (Monson and Fall 1989; Loreto and

Sharkey 1990; Guenther 2002; Kesselmeier et al. 2002).

Tropical rainforests are estimated to be a major source of isoprene to the

atmosphere (Guenther et al. 1995, 1996, 1999). By association, the vegetation of

subtropical areas can be a potential source of isoprene to the atmosphere. However,

there is scant data on isoprene emission from tropical tree species in subtropic regions

(Lerdau and Keller 1997). Although several modeling studies to estimate isoprene

emission in Asia area have been made (Steiner et al. 2002), limited information on the

direct measurement of isoprene emission from tropical trees growing in subtropics is

available (Klinger et al. 2002; Padhy and Varshney 2005). Thus, this chapter
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describes measurements of isoprene emission from tropical trees in subtropic Okinawa,

Japan.

Method

Plant materials

Forty-two species of representative tropical trees in the Okinawa region were

measured for isoprene emission. Most of measurements in the first round of screening

were conducted with the trees in the campus of Ryukyu University or University Forest

(26
0

14'N,127° 46'E) between 6 June and 29 July 2004. For species of Castanopsis

cuspidada var. sieboldii, measurements were made with the plant growing in natural

habitats at the Yona University Forest located in the northern part of Okinawa. The

second round of measurements for Ficus species were carried out in Aug. 2005. Trees

studied were less than 7 m in height, and the measurement points were approximately 2

m above the ground.

Isoprene measurement in the field

With respect to the first screening measurements, trees and branches were

selected as being representative of the species and in reasonable health. In the case of

second round of measurements for Ficus species, successive triplicate measurements

were made for three leaves from three sample trees each (total 27 measurements for one

species).

A flow-through enclosure with inlet and outlet nozzle was made for healthy

leaves at the branch top using a transparent polyethylene bag (about 0.16 L of volume
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as determined by water displacement), and triplicate measurements with 5 min intervals

were performed. No flowers or fruits were included in the samples. The outlet

nozzle was connected to an electric pump, and air current leaving the enclosure was

introduced to a glass cartridge (4.5 mm 10 x 10cm) containing 1.6 ml adsorbent Tenax

TA (Shimadsu, Kyoto, Japan) for 2 min with a flow rate of 0.2 L min-I.

The adsorbed volatile compounds were desorbed by heating the cartridge to

190°C, and introduced into a gas chromatograph (GC) by a solid phase

adsorption-desorption system (Flush sampler FLS-3, Shimadzu, Kyoto, Japan) with a

flow rate of 1.1 ml min-I. Split ratio for the injection was 1:9. The column used was

DB-VRX (0.25 mm 10 x 30 m, J & W Scientific Inc., CA, USA) with helium as the

carrier gas at a flow rate of 38 cm s-I. The volatile compounds were separated

isothermally at a column temperature of 60°C. Isoprene was identified by gas

chromatography mass spectrometry (GCMS-2010, Shimadzu, Kyoto, Japan). Mass

spectra were obtained by full scan mode with the monitoring mass range from 50 to 300

m/z. Ionization was by electron impact at 70 eV, and the temperatures for ion source

was 200°C, and 250 °CoC for transfer line interface.

A standard response curve for authentic isoprene (GL sciences, Tokyo, Japan)

was constructed with the same absorption-desorption system as described in the

foregoing chapter, and used for the calculation of the emission rate. Briefly, the

cartridge containing Tenax TA was fluxed with 0.4 L air at a flow rate of 0.2 L min-I

as the case for sample collection, and the standard isoprene gas was introduced into the

inlet air-flow using a gas-tight syringe in 2 min. The adsorbed isoprene was desorbed

by heating the cartridge as described above. A good linear correlation between the

concentration of isoprene and peak intensity was obtained by this method as shown in
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Fig. 2-1-5. Thus, the peak intensities of isoprene can be reasonably converted into

concentrations of isoprene by using this standard curve, and this value represents the

amount of isoprene produced in 2 min of measurement period. The background levels

of isoprene in the inlet-air measured by this method were usually less than 0.22 nmol

and accounted for less than 2 % of the emissions from high emitting species. The data

were taken during the afternoon from 12:00 to 15:00 unless otherwise stated. To

calculate the leaf area, total and specific leaf mass of fresh leaves was determined.

Specific leaf mass was also determined on the basis of dried weight: the known area of

leaf sections were dried at 80°C for 48 h, and weighed. Data are therefore expressed as

nmol m-2 S-1 or J.lg g-l h- 1.

Photosynthetically active radiation (PAR) and leaf temperature were measured

with a light meter (Model LI-189) and digital thermometer (Takara Oigimulti 0611),

respectively. The leaf surface (abaxial) temperatures at the beginning and end of the

measurement were averaged and used for normalization. The emission rate was

normalized to standard conditions of PAR and temperature, 1000 J.lmol m-2s- l and 30 DC

using the commonly accepted algorithm of Guenther et al. (1995). In this algorithm,

the emission rates were described by following formula

I=IsCLCT,

where I is the emission rate (J.lg g-lh- l
) predicted at temperature T (K) and L J.lmol m-2s-1

PAR, and Is is the base emission rate (emission factor). The two variables CL and CT

are respectively light and temperature coefficient, and are defined by

CL=(aCLlL)(1 +r1L2y 05

CT={exp[CTl (T-Ts)(RTSTy'j){I +exp[CT2(T-Tm)(RTsTY'Jr',
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where a=O.0027, CL1=1.066, CT1=95,OOOJmol-l, CT2=230,OOOJmol-l, Tm=314K and

R=8.314JK-l mol-I, and Ts is the leaf temperature at standard condition (303K in this

study).
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Results and discussion

Table 2-2-1 summarizes the isoprene emission from 42 tropical trees studied,

which is to our knowledge, the first report on isoprene emission from these species

although there are reports of isoprene emission from other species within the same

families (Klinger et al. 2002; Padhy and Varshney 2005).

Of the 42 trees, 4 emitted isoprene at a rate in excess of 20 Ilg g-l h- 1
, and 28

showed rates of 1 to 10 Ilg g-I h- I
• The remainder emitted less than 1 Ilg g-l h- 1

• The

majority of trees in this study may therefore fall within the lower emitting species

(Guenther et al. 1994). However, the highest value of 62.8 Ilg g-l h- I for Ficus virgata

yielded an area basis rate of 24.9 nmol m-2s·1 which is almost equivalent to the high

emitting species of Guenther et al. (1994). Thus, the emission rate of Ficus virgata

may fall within the high emitting group. Another independent measurement of this

species by a real-time isoprene analyzer found an almost equivalent emission rate of

75.5 + 11.9 Ilg g-I h·1and 28.4 + 4.5 nmol m-2s-1
, confirming the field measurement.

The emission rates for members of this genus were previously reported as 37 nmol

m-2s· 1 for Ficus insipida, 16 m-2s- 1 for Ficus spp. and 3.9 m-2s-1 for Ficus nymphiforia

(Geron et al. 2001).

Figure 2-2-1 compares the emission rate between families. Comparisons were

only made between families of more than two specimens. The family of Moraceae,

including the genus Ficus that is very common in Okinawa natural habitats, emitted

isoprene at higher rates than the other families. However, a large variation within the

family was also notable. Isoprene emission was influenced by a variety of growth

environment and developmental factors. It has been shown (Geron et al. 2002) that

shaded leaves saturate at a much lower light level than sun leaves and also display lower
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emission rates. Monson et al. (1992) demonstrated that plants grown under higher

temperature exhibited higher emission optimum temperature compared with those

grown under cooler temperature conditions. Even though the sample trees were

selected as being representative of the species, this variability in some cases may be

large enough to obscure the interspecies differences in the isoprene emission rate.

Likewise, the variation between species seen in this study may be explained in part by

the factor of growth environment.

In order to verify the high emission rate of Ficus species, measurements were

performed with three sample trees each for one species in the next round of experiment

(Table 2-2-2). The emission rate showed variations between trees, and even with

leaves from the same tree probably due to the differences in the growth environment.

However, the averaged emission rate for Ficus species was 107.1 Ilg g-l h- 1 yielding the

area basis rate of 47.4 nmol m-2s-1
, and was equivalent to the rate of high emitting

speCIes. Emission rates for Ficus microcarpa and Ficus septica, 21.8 and 14.6 Ilg g-l

h- 1 respectively, may fall into the low emitting group according to Guenther et al (1994).
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Table 2-2-1 Summary of isoprene emission from tropical tree leaves at normalized conditons of 1000 l-lmol/m 2ls and 30"(;
Indegenous (I) Number SLM Emission rate
or Exotic (E)

Family Species
s of (g/m 2

) l-lg/g Ihr nmol/m
2
1s

E Araucariaceae Araucaria heterophylla 61 N.D. 0.2 ± 0.1 N.D.
E Cupressaceae Chamaecyparis obtusa N.D. N.D. 0.4 ± 0.1 N.D.
E Juniperus chinensis var. kaizuka 548 N.D. 0.3 ± 0.0 N. D.
I Pinaceae Pinus luchuensis 289 N.D. 0.1 ± 0.0 N.D.
I Podocarpaceae Podocarpus macrophylla 107 N.D. 0.9 ± 0.1 N.D.
I Anacardiaceae Rhus succedanea 7 142.0 2.3 ± 0.4 1.3 ± 0.3
E Apocynaceae Nerium indicum 30 152.5 0.3 ± 0.0 0.2 ± 0.0
I Trachelospermum asiaticum var.liuliuen. 8 81.3 7.0 ± 1.3 2.3 ± 0.4
E Araliaceae SheJj1era arboricola 10 80.9 2.2 ± 0.2 0.7 ± 0.1
E Casuarinaceae Casuarina equisentijolia 124 N.D. 5.9 ± 1.5 N. D.
I Combretaceae Terminalia catappa 1 163.8 1.1 ± 0.4 0.7 ± 0.2
I Ebenaceae Diospyros /errea 21 18.2 22.1 ± 8.7 1.6 ± 0.7
I Elaeocarpaceae Elaeocarpus sylvestris var. ellipticus 52 116.0 4.5 ± 0.6 2.1 ± 0.3
I Euphorbiaceae Bischo/fia javanica 3 116.6 1.3 ± 0.1 0.6 ± 0.1
I Macaranga tanarius 1 82.7 2.1 ± 0.4 0.7 ± 0.1
I Fagaceae Castanopsis cuspidada var. siebolldii 29 264.8 0.5 ± 0.0 0.6 ± 0.0
I Guttiferae Callophyllum inophyllum 1 225.2 8.7 ± 1.9 8.0 ± 1.8
I Garcinia subelliptica 1 211.0 9.7 ± 3.2 8.4 ± 2.8
I Lauraceae Cinnamomum japonicum 12 115.9 1.2 ± 0.1 0.6 ± 0.0
I Hernandia nymphaeae/olia 1 88.7 3.4 ± 0.5 1.2 ± 0.2
I Persea thunbergii 8 135.8 0.8 ± 0.1 0.5 ± 0.0
E Leguminose Acacia con/usa 57 114.8 1.5 ± 0.2 0.7 ± 0.1
E Bauhinia variegata 1 52.7 24.0 ± 3.9 5.2 ± 0.8
E Delonix regia N.D. N.D. 3.0 ± 1.2 N. D.
E Erythrina variegata var. orientals 3 42.5 19.3 ± 1.5 3.4 ± 0.3
E Leucaena leucocepala N.D. N. D. 3.1 ± 0.1 N.D.
I Pongamia pinnata 5 68.2 8.7 ± 0.4 2.4 ± 0.1
I Lythraceae Lagerstroemia subcostata 9 118.9 0.9 ± 0.1 0.5 ± 0.1
I Malvaceae Hibiscus tilioceus 5 108.2 2.6 ± 0.2 1.1 ± 0.1
I Thespesia populnea 2 83.6 2.4 ± 0.4 0.8 ± 0.2
I Moraceae Ficus erecta 1 107.7 4.2 ± 0.1 1.8 ± 0.0
I Ficus microcarpa 19 53.1 9.8 ± 0.3 2.1 ± 0.1
E Ficus microcarpa cv. Golden Leaves 13 109.3 7.3 ± 0.6 3.3 ± 0.3
I Ficus septica 1 115.8 8.1 ± 0.9 3.9 ± 0.4
I Ficus virgata 1 97.0 62.8 ± 4.5 24.9 ± 1.8
I Morus australis 3 41.1 4.9 ± 0.4 0.8 ± 0.1
I Pittosporaceae Pittosporum tobira 16 143.2 2.0 ± 0.1 1.2 ± 0.1
I Rosaceae Prunus cerasoides 5 94.1 2.0 ± 0.9 0.8 ± 0.4
I Rapiolepis umbellate 20 113.6 3.4 ± 0.4 1.6 ± 0.2
I Staphyleaceae Trupinia ternata 3 91.7 4.2 ± 0.8 1.6 ± 0.3
I Theaceae Schima willichie ssp. liukiuensis 63 99.1 0.3 ± 0.0 0.1 ± 0.0
I Ternstroemia japonica 29 222.5 1.3 ± 0.3 1.2 ± 0.3

Alphabetical list; Emission rates are mean±SE of triplicate measurements
SLM, specific leaf mass; NO, not determined
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Table2-2-2 Isoprene emission from Ficus species leaves at normalized conditons of 1000 limol m·2 s" and 30"(;
SLM Emission rate
(g/m

2
) lig/g /hr nmol/m2/s

Moraceae Ficus virgata 113.0 ± 5.1 107.1 ± 20.8 47.4 ± 8.8
Moraceae Ficus microcarpa 139.8 ± 5.1 21.8 ± 3.3 12.2 ± 1.7
Moraceae Ficus septica 98.9 ± 3.4 14.6 ± 2.2 5.9 ± 0.9
Triplicate measurements were made for three leaves of three trees each.
Data are mean±SE (n=27) SLM, specific leaf mass
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Part 3

Diurnal variation of isoprene emission

Introduction

Isoprene from plant species is light and temperature dependent 0 and hence

exhibited daily or seasonal changes. However, recent studies have shown that the

isoprene emission is not only dependent upon light and temperature but may be greatly

influenced by environmental conditions during leaf development, leaf age, phenology

and immediate and paste weather conditions (Kesselmeier and Stadt, 1999; Geron et al.

2001). There have been several studies on diurnal changes in the isoprene emission

from temperate and tropical plants. However, not much information on the daily or

seasonal changes in isoprene emission from tropical plants growing in subtropics has

been available. In this chapter, an attempt has been made to measure the daily or

seasonal variation in the isoprene emission rate.

Method

Plant materials

Of the plant species, Ficus virgata was found to be the highest isoprene emitter

in the foregoing sections. The species, Ficus virgata, was chosen to study the diurnal

or seasonal changes in the isoprene emission rate. Emission rate was measured in

winter (Mar. 15,2004) and summer time (Aug. 6, 2004) throughout the day from early

morning to evening with the same tree growing in the campus of Ryukyu University.

Full developed leaves of almost same age were chosen for the comparison of emission

capacity between winter and summer time.
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Measurement of emission rates

The method for emission was described in the Chapter 1. Triplicate

measurements with 5 min interval were conducted every two hours throughout the day.
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Results and discussion

Fig. 2-3-1 shows the emission patterns for Ficus virgata (A and B for spring; C

and D for summer season). It has been suggested that the basal emission rate may vary

with the meteorology (temperature and light intensity) over the period of2 weeks

(Geron et aI., 2000: Xiaoshan et aI., 2000: Sharkey et aI., 1999). The authors

conducted the measurement twice in winter (Mar. 15,2004) and in summer (Aug. 6,

2004) with the same tree, and observed a consistent diurnal variation. This

consistency may argue against the view that the variation was temporal or otherwise due

to random variability.

The isoprene emission peaks at midday, and no emission was noted in the night

for this species. There was a 2 hrs of time lag between the lapse of isoprene emission

and the rise in the irradiance or temperature (Figs A and B). This suggests that there is

a threshold light intensity or temperature to evoke or initiate the emission. The

isoprene emission ceased much earlier before the temperature declined to the nadir

level.

Seasonal temperature variation was relatively moderate in the Okinawa region.

The averaged highest temperature was 29.0 °C for Aug., and was 16.8 °C for Jan. in

2004. Studies on diurnal variation of isoprene production in a winter month (Mar.

2004) and a summer month (Aug. 2004) revealed that the overall emission rate of Ficus

virgata in the midday of summer (112.7+0.6 ~g Ig/h) was higher than that in winter

(48.6+ 18.6 ~g Ig/h), yet the normalized emission rates were roughly comparable

between summer (68.1 + 6.4 ~g Igl h) and winter months (81.4 + 31.4 ~g Igl h). These

two examples were leaf level measurement for different leaves of same plant. Plant

production of isoprene decreases dramatically with senescence in both temperate and
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tropical plants (Harley et al. 1994). This observation therefore may suggest that the

branch-level isoprene emissions from evergreens in sub-tropical region are largely

similar throughout the year and dependent on the environmental conditions.
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Part 4

Relationship between isoprene emission and terpenoid concentration

Introduction

In higher plants, two independent pathways are responsible for the biosyntheis

of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), the

central five-carbon intermediate of all isoprenoids (Fig. 2-4-1). The cytosolic pathway,

which involves the mevalonate (MVA) as a key intermediate, provides the precursor

molecules for phytosterols, terpenoids, and certain sesquiterpens, whereas the plastidal

MVA-independent pathway, which start with a condensation of pyruvate and

glyceraldehydes-3-phosphate via I-deoxy-D-xylulose-5-phosphate as an intermediate, is

involved in the formation of precursors for isoprene synthesis. The cooperation of

both pathway has been reported for the biosynthesis of certain sesquiterpenes.

Because the various end-products of isoprenoid biosynthesis affect virtually every

aspect of cellular biochemistry, considerable effort has gone into elucidating isoprenoid

metabolic pathways. Thus it is possible that the cellular concentration of terpenoid or

phytosterol influence the rate of isoprene emission. This chapter therefore aims at

characterization of relationship between cellular level of isoprenoid and isoprene

emission in tropical trees.

Method

Analysis of isoprenoids

The plant leaves were mashed into powder in liquid nitrogen, and extracted

with 25 times volume ofcWoroform-methanol (2:1 by volume) (CM21). The cell wall

debris insoluble to CM21 was removed by filtration through No.2 filter paper
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(Advantec, Tokyo, Japan), and the extract was partially purified for lipid analysis as

described previously (Folch et aI., 1957). The lipid extract containing 2 mg of total

lipid was concentrated to dryness with nitrogen stream, saponified at 60°C overnight

with 3% KOH in 94% ethanol. The nonsaponifiable lipids (NSL) were partitioned into

hexane by vigorous mixing, and analyzed by gas chromatograph (GC). Columns

used was CBP1-M50-025 (Shimadzu, Kyoto, Japan), and the column temperature was

programmed from 1 min hold at 50°C to the final temperature of 300°C at a rate of

lOoC/min. The carrier gas was helium with a flow rate of 0.70 ml/min (20 cmJs).

Identification of isoprenoids was based on the interpretations of mass spectra taken by

GCMS-2010 (Shimadzu) or comparison of the retention time with that of authentic

standards. Concentrations of isoprenoids (sterols and terpenoids) were determined on

the basis of relative peak intensities on GC analysis.
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Results and discussion

The aim of this chapter was to examine the correlation between isoprene

emission and the concentration of isoprenoids, sterols plus terpenoids. Isoprene

biosynthesis branches from the isoprenoid biosynthesis as shown in Fig. 2-4-1. Thus it

is possible that the final concentration or composition of these compounds is regulated

by shunting of the intermediate dimethylallyl pyrophosphate (DMAPP) to isoprene, or

vice verse: it is also possible that these compounds regulate the isoprene production

through feed-back regulation.

Sterols and terpenoids were analyzed by GC. Sterols and terpenoids consisted

of 13 and 12 compounds, respectively (Figs 2-4-2,3). The major sterols were

P-sitosterol, stigmasterol and campesterol. The major terpenoids were pentacyclic

triterpenoids and were lupeol, a-amyrin p-amyrin and taraxerol. Identification of

these compounds was largely based on the interpretation of their mass spectrum.

Figure 2-4-4 plots the isoprene emission rate versus sum of isoprenoid concentrations in

the leaves of subtropical trees. No significant correlation was noted between these two

parameters suggesting that no feed-back mechanism by end product is involved in the

regulation of isoprene emission. Several lines of studies have demonstrated the

metabolic cross talk between cytosolic and plastidal pathway of isoprenoid biosynthesis.

However, this appears to be not the case for isoprene emission. The lack of cross talk

between cytosolic and plastidal pathway shows that isoprene emitted are essentially

derived from newly synthesized pyruvate and glyceraldehydes-3-phosphate inside

chloroplast.
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Chapter 3

Temperature and light response of isoprene emission

Part 1

Temperature and light response of isoprene emission

Introduction

Isoprene emission is dependent on the light intensity and leaftemperature.

However, there are still limited information on the relationships between isoprene

emission and these parameters, especially for tropical trees growing in subtropics. To

get more insight into the relationship between light intensity, temperature and isoprene

emission, the measurements were conducted under controlled light intensity and air

temperature. A natural sapling of Ficus virgata transplanted to plastic pot was placed

in a phytotron, and isoprene emission was monitored continuously by a real-time

isoprene analyzer.

Method

Isoprene measurement in the phytotron

Isoprene emission from Ficus virgata was measured in a phytotron (Koitotron

KG-50HLA, Koito Kogyo, Yokohama, Japan) by a real-time isoprene analyzer

(mBA-l 000, Taiyo Instruments Inc. Osaka, Japan). The isoprene/ozone reaction

produces electronically exited formaldehyde whose subsequent emission of

chemiluminescence is monitored with a blue-sensitive photomultiplIer tube (Hills and

34



Zimmerman 1990). The analyzer was calibrated with standard isoprene gas (17.5

ppm) purchased from Tokyo-koatsu Co., Tokyo, Japan. A good linear correlation was

obtained between isoprene concentration and response of isoprene analyzer up to 3 ppm

as shown in Fig. 3-1.

A 1.8 m tall of natural sapling of Ficus virgata in the University Forest was

transplanted to a 30 L of plastic pot, and kept for one month before the experiment with

irrigation 2-3 times per week. A flow-through enclosure of one expanded mature leaf

was made with Tedlar bag (about 0.15 L inner volume), and the isoprene concentration

in the air-flow (0.7 L min-I) leaving the leaf was monitored by online isoprene analyzer.

Temperature of the leaf surface was monitored with thermocouple. The temperature of

phytotron was cycled between 20°C and 35°C in 5°C increments or decrements under

3 levels oflight intensities: 0, 186 and 500 !lmol/ m2/s. A new temperature in the

cycle was held until isoprene emission was stabilized. Transition times between steps

were usually 30 min, and the following steady emission rate under imposed conditions

was recorded for 15 min with real-time isoprene analyzer.

Fluorescence measurements

In the current study, the rapid-light curve (RLC) was measured to determine

the actual photosynthetic rate of the plant leaves. The RLC was produced by the

Diving-PAM (Walz, Germany) under the control of an internal program using artificial

photosynthetic photon-flux density (PPFD). Nine discrete irradiance steps were used

(60s); 0, 134, 176,238,326,463,659,948, and 1451 !lmol quanta m-2s- l
. The RLC

plots the electron transport rate (ETR) versus irradiance. The ETRs were determined

from the following equation:
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ETR=(F' m-F)/F' mx PPFD x 0.84 x 0.5,

where F'm is light-adapted maximal fluorescence, F is fluorescence yield for a given

light intensity before a saturation pulse, PPFD is intensity of photosynthetically active

radiation, 0.84 is average light absorbance of leaves, and 0.5 is corrections for two

quanta of light required per electron.
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Results and discussion

Figure 3-2 plots the isoprene emission rate versus leaf temperature. At a light

intensity of 0 ~mol m-2s-1
, the leaf temperature was equivalent to the air temperature.

Irradiance at 186 and 500 ~mol m-2s- 1 increased the leaf temperature to 1.3 and 5.6 DC

above the air temperature, respectively.

Isoprene emission of Ficus virgata was completely dependent on the light and

leaf temperature (Fig. 3-2). Emission rate increased exponentially with the

temperature up to 40 DC. The isoprene emissions of temperate plants level off around

35 DC, and begins to decrease above 40 DC (Guenther et al. 1993). However, no end in

the exponential phase was seen in this study contrasting with the previous observation

from temperate plants. This has been largely explained by the difference in the growth

conditions. A number of studies have proposed that the optimum temperature of

isoprene emission is dependent on the growth conditions, not whether the plants are

temperate or tropical (Harley et al. 1996, 1997; Geron et al. 2002).

A linkage between photosynthesis and isoprene emission has been proposed

(Monson and Fall 1989; Loreto and Shakey 1990). The pulse-amplitude modulated

(PAM) fluorometer provides information about the electron transport rate (ETR),

quantum yield, and photochemical efficiency of in situ plants. ETR is a measurement

of electron transport through the photochemical reaction leading to carbon fixation.

There has been additional speculation that the ETR plays a role in determining the

isoprene emission through the supply ofNADPH to the pathway (Logan et al. 2000).

To obtain information on the relationship between photosynthesis and isoprene

emission, the ETR of Ficus virgata was studied (Fig. 3-2). The maximum ETR was

47.2, and minimum-saturating irradiance was 456 ~mol m-2s-1 for Ficus virgata.
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To address the relationship between photosynthesis and isoprene emission, the

light response of Ficus virgata was studied at constant air temperature (30°C) in a

phytotron. Because the leaf temperature increased with light intensities even though

the air temperature was held constant, the emission rate was normalized to standard leaf

temperature of 30°C using the factor CT which has been used to simulate the

temperature dependency of isoprene emission (Guenther et al. 1993).

Temperature normalized emission rate of Ficus virgata increased linearly up

to 1700 Ilmol m-2s- 1(Fig. 3-3), implying no direct linkage between ETR and isoprene ""

emission in this genus. The lack of light saturation was consistent with the previous

observation on some tropical plants (Lerdau and Keller 1997), and inconsistent with the

findings from temperate (Harley et al. 1996, 1997) as well as tropical plants (Keller and

Lerdau, 1999; Lerdau and Throop 1999). To confirm this light response in the

isoprene emission, measurements for a leaf of Ficus virgata were performed in the field

with different light intensities: the emission rates were monitored throughout the day

with almost 100 Ilmol m-2s-1 interval of light intensity. Emission rates were

normalized with temperature, and plotted against light intensities as shown in Fig. 3-4.

Despite some fluctuations in the data, emission rates in the field also showed no

saturation with the light intensities up to 1800 Ilmol m-2s-1
, and reinforced the result of

Fig. 3-3. Same trend of light response was also observed for Ficus septica in the field

(data not shown). Some tropical trees also showed no light saturation, which opened

up a possibility that estimates of isoprene emission from tropical forests need to be

revised upward. To evaluate the isoprene flux from subtropical forest more precisely,

studies on the light response should be expanded to other tree species.
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It is also noteworthy that the light response of isoprene emission from Ficus

virgata (Figs 3-3 and 3-4) appeared to deviate from the pattern predicted by the

algorithm of Guenther et al (1993). The formula by Guenther et al (1993) has been

proposed based on the observation on isoprene emission from temperate plants, and

predicts that the emission rate should almost saturate at a light intensity around 600

I -2-1!J.mo m s . Our present data thus suggested that the light response of tropical trees

may differ from that of temperate plants, and the values of empirical coefficients used in

the formula should be adjusted to fit the subtropical environment.
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Chapter 4

Effect of humidity on isoprene emission

Part 1

Effect of humidity on isoprene emission and stomatal conductance

Introduction

Tropical forest has been considered to be the major source of biogenic volatile

organic compounds (BVOCs) to the atmosphere (Guenther et al. 1995; 1996; 1999).

The mixing ratio ofBVOCs is usually dominated by isoprene (greater than 50%), but

monoterpenes and other compounds are also observed (Zimmerman et al. 1988; Helmig

et al. 1998; Kesselmeier et al. 2000). The ultimate atmospheric fate of BVOCs is

oxidation to carbon dioxide (C02) which is estimated to be nearly 20% of the total fossil

fuel emission as C02 (Andres et al. 2000; Guenther 2002).

Isoprene is therefore the most abundant hydrocarbon emitted by plants, and

exerts profound effect on the troposphere chemistry (Guenther et al. 1995). Several

environmental factors have been reported to regulate the isoprene emission from plant

leaves (Guenther et al. 1993). Among the factors, light and temperature have been

well studied as to their effect on isoprene emission (Sharkey et al. 1996). Besides

these two factors, humidity is another part of environmental factor to affect the plant

physiology (Franks and Farquhar, 1999). However, no attempt in laboratory scale has

been made to elucidate the effect of humidity on isoprene emission. Our recent study

surveyed isoprene emission from tropical trees in Okinawa Island, and found the species

of Ficus virgata to be the highest isoprene emitter in Okinawa region (Tambunan et al.
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2006). Thus this chapter describes the effect of humidity on isoprene emission from

leaves of a tropical tree Ficus virgata.

Materials and Methods

Isoprene emission

A 1.8 m tall of natural sapling of Ficus virgata in the University Forest was

transplanted to a 30 L of plastic pot, and kept for one month before the experiment with

irrigation 2-3 times per week. The sapling was placed in a phytotron (Koitotron

KG-50HLA, Koito Kogyo, Yokohama, Japan) with controlled conditions of humidity,

light intensity and temperature. A flow-through enclosure of one expanded mature

leaf was made with polyethylene bag (about 0.15L inner volume), and the isoprene

concentration in the air flow (0.7L/min) leaving the leaf was monitored by real-time

isoprene analyzer (mBA-1 000, Taiyo Instruments Inc. Osaka, Japan) as described in the

method section of chapter 3.

Stomatal opening

Cut branch of Ficus virgata dipped in tap water was kept in phytotoron at

indicated humidity more than 40 min, and the stomatal apertures were observed by

fluorescence microscope (BX 41, Olympus, Tokyo, Japan) in 10 min. Average sizes

of stomatal openings were determined from measurement of27-30 digitized images of

stomata.
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Results and Discussion

Figure 4-1-1 shows the time course change in isoprene emission under

conditions of high (80%) (A) and low (55%) humidity (B). The light intensities were

cycled between 0 (dark), 500 and 1000 llmol/m2 Is with 40 min intervals, and the air

temperature was 30 DC. Under high humidity (Fig. 4-IA), a sharp rise in the emission

rate was seen with the lapse of irradiance at 500 and 1000 llmol/m2 Is, respectively.

However this is not the case for low humidity. A lack of sharp rise was noted under

low humidity (Fig. 4-1 B). The authors conducted the same experiment for tree species

of Garcinia subelliptica and Calophyllum inophyllum besides Ficus virgata, and

observed similar trend of responses. Accordingly, a steady-state emission rate was

reached in a shorter time with high humidity compared with the lower humidity. With

the case of first irradiance at 500 llmol/m2/s for 40 min, the total isoprene emission at

low humidity was estimated to be almost one fourth of that at high humidity.

Furthermore, the steady state emission rate appeared to be increased by high humidity.

In order to confirm this observation, the authors studied the effect of humidity on the

steady-state emission rate (Fig. 4-2). In this case the time intervals were more than 40

min to stabilize isoprene emission. Isoprene emission from a leaf of Ficus virgata

increased with humidity under light intensities of 500 and 1,000 llmol/m2/s (Fig. 4-2A).

Isoprene emission is dependent on light and leaf temperature. It is therefore

possible that the humidity dependent changes are related with the variation in the leaf

temperature. Figure 2B however shows that no increase in the leaf temperature

occurred with increase in humidity. Figure 4-2B thus suggested that the high humidity

increased the isoprene emission apart from the temperature dependent mechanism.
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It has been an accepted view that humidity is one of the stimuli to affect the

stomatal opening (Sakihama et al. 2003). Effect of humidity on the stomatal aperture

was studied by microscopic observation. Consistent with the previous results, an

increased stomatal opening was noted under high humidity compared with low humidity

(p<O.OOI by Student's t-test, Fig. 3). These observations may allow the authors to

speculate that an increased isoprene flux takes place through the stomatal aperture.

Several studies showed a decrease or increase in isoprene emission under

drought conditions (Serca et al. 2001; Kesselmeier et al. 2002; Trostdrof et al. 2004;

Pegoraro et al. 2004; Baker et al. 2005). It has bee an accepted view that the water

stress induces enclosure of stomatal aperture. Pegoraro et al. reported that water stress

decreased photosynthesis, stomatal conductance and the isoprene emission rate of live

oak. In this case, decrease in photosynthesis and stomatal conductance took place

prior to the reduction in isoprene emission rate. Thus, the isoprene emission was much

less sensitive to drought than stomatal conductance or photosynthesis. On the other

hand, Serca et al. reported higher isoprene flux in dry season than the wet season. This

observation was explained by the higher leaf temperature due to decreased stomatal

conductance during the dry season. It is, therefore, obvious that the size of stomatal

opening merely cannot be the reason for the variations in the isoprene emission rate.

Several environmental factors have been proven to be factors for the isoprene emission:

light intensity, leaf temperature and water availability. Because of variable

environmental conditions, the solo effect of humidity on isoprene emission has

remained obscure. The present two experiments of low and high humidity were

conducted under comparable environmental conditions with one hour interval in a day.

For this reason, it can be assumed that environmental factors except for humidity are
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constant throughout two experiments. Thus, the observed variation in isoprene

emission rate in this study may be solely ascribed to changes in the humidity.

Another point to mention is that the changes in the stomatal opening may affect

the photosynthesis rate. A linkage between isoprene emission and photosynthesis has

been proposed (Monson and Fall, 1989; Sanadze, 1969; 1990; Loreto and Sharkey,

1990). It is known that the major part of the precursor for isoprene biosynthesis is

derived from newly assimilated photosynthetic carbon (Sanadze et at. 1972;

Mgaloblishvili et at. 1979). Although no measurement of photosynthesis was made in

this study, the photosynthetic assimilation rate may be increased with the size of

stomatal opening probably due to increased CO2 flux. However, several lines of

studies have demonstrated no direct correlation between photosynthesis and isoprene

emission rates, and may argue against above view (Monson et at. 1992). It is thus yet

to come to evaluate the effect of humidity on photosynthesis of this plant species, and

may give another insight into the regulation of isoprene emission.
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the figure. One ppm gives the emission rate of75 nmol/m2/s after subtraction of
background level.

45
100

~
B

t
I:

80 ~ 40 00 ... 0-0.- ""'
\'" '" ::l

.f!l -- -8 N

60 ~

~ ;§ ~ 35 -

°-----0
~

~ 0 Q"

a:i 8 40 8
I. I: ~

C. '-' :: 30 - • •0 20 ~

'" ~- ..::l
0 25

50 60 70 80 50 60 70 80
Humidity (%) Humidity (%)

Fig.4-2 Effect of humidity on the steady state emission rate of isoprene (A) and leaf
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Chapter 5

General summary and conclusion remarks

The current study surveyed isoprene emission from 42 indigenous and exotic

trees in subtropic Okinawa, Japan. Although most ofthese trees fall within the lower

emitting group, the family of Moraceae common in subtropical forest showed a rather

higher emission capacity. This was especially true for the species of Ficus virgata.

The highest emission rate of 107.1 Ilg g-I h-I for Ficus virgata yielded the area basis rate

of 47.4 nm01 m-2s- 1
, which is almost equivalent to the rate of high emitting species. It

is also noteworthy that the light response of isoprene emission by Ficus virgata

appeared to deviate from the pattern predicted by the algorithm of Guenther et al (1993).

The formula by Guenther et al (1993) has been proposed based on the observation on

isoprene emission from temperate plants, and predicts that the emission rate should

almost saturate at a light intensity around 600 Ilm01 m-2s-1
• Our present data thus

suggested that the light response of tropical trees may differ from that of temperate

plants, and the values of empirical coefficients used in the formula should be adjusted to

fit the subtropical environment. Furthermore, the present study suggested that

humidity is an important environment factor to control the isoprene flux from tropical

plant, and should be taken into consideration for future estimation of isoprene flux from

tropical forest.

The role of isoprene emission in plant has not been fully understood (Sharkey

and Yeh, 2001). It has been suggested that isoprene is formed to increase the

thermotolerance of leaves (Sharkey et al. 2001). This view has recently received
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additional supports by findings showing a similar protective role of endogenous and

exogenous monoterpenes (Leroto et al. 1998; Delfine et al. 2000). Another view came

to notion was the protective role of isoprene functioning as ozone quencher (Loreto et al.

2001) and as antioxidant against singlet oxygen (Affek and Yakir 2002; Velikova et al.

2004). Further studies are needed to predict the isoprene emission from subtropical

forests as well as to address the physiological significance of isoprene emission in

plants. In this context, the observation on a linear relationship between light intensity

and isoprene emission may indicate the potential importance of subtropical forest as a

source of isoprene to the atmosphere.
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