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m Abstract Very large amounts of isoprene are emitted from vegetation, especially

from mosses, ferns, and trees. This hydrocarbon flux to the atmosphere, roughly equal to
the flux of methane, has a large effect on the oxidizing potential of the atmosphere. Iso-
prene emission results from de novo synthesis by the deoxyxylulose phosphate/methyl

erythritol 4-phosphate pathway in plastids. Dimethylallyl pyrophosphate made by this

pathway is converted to isoprene by isoprene synthase. Isoprene synthase activity in

plants has a high pH optimum and requirement forPMthat is consistent with its

location inside chloroplasts. Isoprene emission costs the plant significant amounts of
carbon, ATP, and reducing power. Researchers hypothesize that plants benefit from iso-
prene emission because it helps photosynthesis recover from short high-temperature
episodes. The evolution of isoprene emission may have been important in allowing

plants to survive the rapid temperature changes that can occur in air because of the

very low heat capacity of isoprene relative to water.
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INTRODUCTION

Isoprene (GHg, 2-methyl 1,3-butadiene) is a natural product of many organisms
(128). Sanadze & Kursunov discovered isoprene emission from plants in the 1950s
(117). In a series of papers, he and his colleagues showed that a number of plants,
especially trees, emitisoprene in a highly light- and temperature-dependent manner
(112,113,116, 117). Rasmussen & Went discovered isoprene emission from plants
independently of the work of Sanadze (106). It was notimmediately accepted that
plants made isoprene, and both Sanadze & Rasmussen eventually proved by mass
spectrometry that the compound they saw was isoprene (102, 112).

Isoprene is well-known chemically as the root of the isoprenoid class of com-
pounds. Researchers first made it by burning rubber and later by heating turpen-
tine. The structural formula was identified in 1882 (152, also see citation in 111).
Kekulé recognized that many components of turpentine oil had a C:H ratio of 5:8
and coined the term terpenoids for this class of compounds (85). Otto Wallach
pointed out that the terpenes consist of a repeating, branched, five-carbon unit
similar to isoprene, so terpenes are also known as isoprenoids. The generalization
that terpenes could be seen as composed of isoprene units became known as the
isoprene rule (85), which investigators used to work out structures of isoprenoids.

However, isoprenoids are not made from isoprene. The biological precursors to
the isoprenoids are isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl
pyrophosphate (DMAPP), sometimes called the active isoprenes. Isoprene is a
hemiterpene and is made from DMAPP (138). Monoterpenes (10 carbons) include
many of the scents we associate with plants such as pine, lemon, and the smell of
a freshly peeled orange. Adding IPP to DMAPP makes monoterpenes. Additional
IPP molecules can be added to make sterols (C30, made from two C15 compounds)
in the cytosol of plants and carotenoids (C40, made from two C20 compounds) in
plant plastids. There are many other isoprenoids in plants (74, 159), but they are
not discussed in this review.

Although the isoprenoids are very well known, much less is known about bio-
logical isoprene production because isoprene is not an intermediate in isoprenoid
production and its concentration in the environment is low. These facts have led
some authors to conclude, “Isoprene itself does not occur free in nature” (55, p. 10).
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In fact, free isoprene is widespread in nature, and biogenic isoprene from plants is
very important, both for plants and the atmosphere.

Recent estimates suggest that isoprene emission from plants is among the most
important biosphere-atmosphere interactions. The total hydrocarbon flux from the
biosphere to the atmosphere was estimated by Rasmussen & Went in 1965 (106)
to be 432 Tg C yrl. The estimate for global isoprene emission is now about
500 Tg C yr?, making it the dominant hydrocarbon that moves from plants to the
air, roughly equal to the flux of methane to the atmosphere (41, 162).

Atmospheric Chemistry

One of the more important reasons to understand isoprene emission from plants is
its role in atmospheric chemistry (31, 151). Though isoprene is not a greenhouse
gas, itcan alter atmospheric chemistry, affecting the residence times of gases that do
contribute to the greenhouse effect. Isoprene oxidation in the atmosphere can give
rise to ozone and smog if nitrogen oxides are present in the atmosphere (18, 44).
Some of the breakdown products include organic acids, CO, methacrolein, and
methyl vinyl ketone (2, 158). When the nitrogen oxide levels are high, isoprene
breakdown can lead to the formation of peroxyacetyl nitrate (PAN) and methyl
peroxyacetyl nitrate (MPAN). Isoprene breakdown is the primary source of MPAN

in the atmosphere (168). Isoprene breakdown in the atmosphere can be estimated
from MPAN concentrations, which is useful because the concentration of isoprene
in the atmosphere is normally very low 10 ppb) (53, 105).

Another phenomenon associated with volatile isoprenoids from plants is the
blue haze described by Went (164). Oxidation of monoterpenes causes them to
stick together until they form a solid particle. These particles can act as cloud
condensation nuclei. This is important because in some areas rainfall is limited
by a lack of cloud condensation nuclei, which has given rise to the practice of
cloud seeding in these areas. Raindrop size is also affected by the concentra-
tion of cloud condensation nuclei. These particles that are formed from monoter-
penes also scatter light. When the particles are very small, blue light is scattered
more than other colors, giving rise to the natural blue haze (164). By itself, iso-
prene does not cause particle formation, but it may contribute to their growth
(64).

Despite early warnings from Rasmussen (103), Zimmerman (174), and then
presidential candidate ReadaﬁlOO), the role of isoprene emitted from plants
(and other biogenic hydrocarbons) in atmospheric chemistry was ignored in early
attempts to reduce ozone pollution. Early air quality regulations emphasized reduc-
tion of anthropogenic hydrocarbons, even if that meant some increase in nitrogen
oxide emissions. This strategy was not effective (122). In 1987, Trainer et al (157)
pointed out the importance of biogenic isoprene in clean environments. In 1988,

L“Approximately 80% of our air pollution stems from hydrocarbons released by vegetation,
so let’s not go overboard in setting and enforcing tough emission standards from man-made
sources.”
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Chamedies et al (12) suggested that so much isoprene was coming from vegetation
inthe Atlanta, Georgia (USA) area that air pollution control strategies had to switch
to reducing NQ to be effective.

The 1988 paper by Chamedies et al made many people aware of isoprene
emission from plants, but not much more information was available. Since then
significant progress has been made. Estimates and reviews concerning the mag-
nitude of plant isoprene emission are available (41, 99). This review is the first to
cover this topic in this series, but reviews of plant isoprene emissions have been
published elsewhere recently (31, 32,48,57,67, 75, 94).

BIOCHEMISTRY OF ISOPRENE SYNTHESIS

Isoprene Emission Requires De Novo Synthesis

Isoprene emission is different from emissions of the related and better-known
monoterpenes such as the pinenes and limonene. Emission of monoterpenes is, in
most cases, from pools of hydrocarbon stored in resin ducts, glands, or trichomes.
Monoterpene emission is therefore dependent in large measure on its volatility (66)
and on damage of leaves and needles (72, 155, 156). However, isoprene emission
requires de novo synthesis; this is demonstrated by the following two examples.
First, researchers made estimates of the amount of isoprene stored in leaves by
changing environmental conditions from those conditions that promote isoprene
emission to those conditions that do not. Taking the extreme assumption that
synthesis stopped instantaneously, the amount of isoprene emission that occurred
after the switch is an upper limit of the amount of isoprene stored in the leaf (82). In
addition, leaves can be flash frozen, and then researchers can extract and measure
isoprene to determine the total pool (28, 76). Both measures indicate very little
isoprene storage in leaves.

Second, investigators measured the rate at whi€happeared in isoprene
when the*?CQ, in air flowing past leaves was replaced Wil O, (20) to assess
the contribution of de novo synthesis. The stable isotope of carbon appeared in
all five carbon atoms of the isoprene molecule with kinetics similar to the rate
of 3-phosphoglycerate labeling. The results of Delwiche & Sharkey (20) differ
from those of Sanadze and his colleagues (114, 115) who had found that only one
or two carbon atoms were labeled. Sanadze et al used a closed labeling system
in which the carbon dioxide concentration most likely fell to the compensation
point, and so most of the isoprene was made from carbon derived from starch
breakdown. The steady-state labeling system used by Delwiche & Sharkey kept
the CQ concentration constant throughout the labeling period, so the isotopic
composition reflects the normal relationship between photosynthesis and isoprene
emission.

Dependence on de novo synthesis means that the temperature dependence of
isoprene emission is not related to its volatility but rather to its metabolism. Iso-
prene emission increases with increasing leaf temperature. However, two distinct
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phases can be separated. The fastest phase has a time constant of 8.2 s and i
followed by a phase with a time constant of 116 s (142). Thus, for small changes
in rate, isoprene emission changes as quickly as leaf temperature; though for larger
rate changes, enzyme activation and other metabolic adjustments are needed. This
observation is consistent with emission from de novo synthesis rather than control
of emission rate by volatility.

The light requirement for isoprene synthesis is also consistent with a depen-
dence on de novo synthesis. Recent work has shown that some species, especially
some Mediterranean oaks, also emit monoterpenes in a light-dependent manner
(80, 145). These trees emit monoterpenes from recently synthesized carbon like the
case with isoprene (77, 79). A few western United States conifer species will emit
the closely related molecule 2-methyl-3-buten-2-ol in a light-dependent manner
(3), but researchers have not yet determined whether this is by de novo synthesis.
In a few cases trees will emit some monoterpenes as a result of de novo syn-
thesis, though other monoterpenes are emitted from storage pools (7Tafs).
B-ocimene in particular can be emitted from Mediterranean Pine in a light-
dependent manner while other monoterpenes are released from wounded needles
(81).

Isoprene Synthase

Isoprene emitted from plants is made from DMAPP by isoprene synthase (138).
This enzyme has a relatively high pH optimum and a requirement fot"Mg
(118, 139), consistent with its location inside chloroplasts (90,166, 167). The
molecular weight of isoprene synthase has been reported at@&drcus robur
(118), 73 inSalix discolor(165), and a doublet of 58 and 62 in aspen (139) and
kudzu (CA Downs & TD Sharkey, unpublished data). A contributing factor to the
difficulty in working with this enzyme is that plants that make substantial amounts
of isoprene tend to be difficult to work with biochemically. Repeated attempts to
measure isoprene emission frdkrabidopsishave failed. (Note added in proof:
The gene for isoprene synthase was sequenced after this review was vristen.
bidopsisdoes not have an isoprene synthase gene.)

Wildermuth & Fall found some isoprene synthase activity bound to thylakoid
membranes, although other isoprene synthase activity was found to be soluble
(166, 167). The membrane-bound form appeared to have the same kinetics as the
soluble form. Whether the soluble form is converted to the bound form or vice
versa and what effect this might have on the activity of isoprene synthase is not
known. Wildermuth (165) showed that thylakoid-bound isoprene synthase activity
could be stimulated threefold by the addition of GTP and palmitoyl CoA. There
is potential for regulation by this mechanism, but studies to investigate this have
not yet been carried out.

Investigators have suggested that DMAPP is converted to isoprene noncatalyt-
ically in animals (22). Acid will catalyze the conversion of DMAPP to isoprene,
but this reaction is slow and it seems unlikely to explain isoprene emission from
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humans. Bacteria also make isoprene (60, 160). HowEgeherichia colmakes

more isoprene when fed tryptone media than when fed minimal media. Perhaps
isoprene is a product of the breakdown of higher isoprenoiés @oli. This could
explain why there is no gene sequence in the fully sequecedli genome that
corresponds to isoprene synthaséPopulussp. (W Zimmer, D Gong, & TD
Sharkey, unpublished). IBacillus subtilis isoprene emission occurs during dis-
tinct phases of culture growth (161).

The Methylerythritol Phosphate Pathway Is
the Source of DMAPP

Two major metabolic pathways make DMAPP, the mevalonic acid (MVA) path-
way and the recently discovered 2-deoxyxylulose 5-phosphate/2-methylerythritol
4-phosphate (MEP) pathway (108) (Figure 1). There are other ways that the five-
carbon branched chain can be made, especially during leucine metabolism, but
these are probably only minor sources of isoprenoids. The source of DMAPP within
the chloroplast is the MEP pathway (109). The MEP pathway begins with pyru-
vate and glyceraldehyde 3-phosphate (109) and involves skeletal rearrangement to
make the branched chain (1). Lichtenthaler and colleagues showed that this path-
way is responsible for most, and probably all, isoprenoids made in plastids (70).
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Figure 1 The MEP pathway is the source of DMAPP for isoprene synthesis. It is currently
unknown whether this pathway makes IPP first, then DMAPP by isomerization, or if it makes
DMAPP without first making IPP. CDP-ME, 4-(cytidiné-8iphospho)-2c-methyl-D-erythritol;
CDP-ME2P, 2-phospho-4-(cytiding-8iphospho)-2€-methyl-D-erythritol; DMAPP, dimethy-

lallyl pyrophosphate; DXR, deoxyxylulose-5-phosphate reductoisomerase; DXS, deoxyxylulose-
5-phosphate synthase; IPP, isopentenyl pyrophosphate; MECD#n&thyl-D-erythritol 2,4-
cyclodiphosphate.
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TABLE 1 Energetics of the MEP pathway in photosynthetic organisms. It is
assumed that each carbon in the starting intermediates costs 3 ATPs plus 2
NADPH if at the redox level of a triose phosphate with CTP equivalent to ATP.
This estimate differs from that of Niinemets et al (96) because of the additional
steps now known in the MEP pathway

ATP NADPH

Glyceraldehyde 3-phosphate 9 6
Pyruvate 8 5
Deoxyxylulose reductoisomerase 1
MEP cytidylyltransferase 2
4-(cytidine 3-diphospho)-2c-methyl-D-erythritol kinase 1

Two hypothetical reduction steps 2

Total 20 14

They specifically proved that this pathway is responsible for isoprene synthesis
(120, 171). This pathway was recently reviewed in this series (69), and since that
review three additional steps in the pathway have been reported. These steps in-
clude the addition of CTP to MEP (62), a phosphorylation (63), and cyclization
(148). The MEP pathway can make IPP (88), which researchers presume can be
isomerized to DMAPP. However, i. colithe MEP pathway can make both IPP
and DMAPP without the need for IPP isomerase (107). Investigators have yet to
determine whether IPP isomerase is required for isoprene synthesis in higher plants.
The new knowledge of the biosynthetic pathway for isoprene allows the energy
cost of isoprene emission (132) to be revised (Table 1). Using the MVA pathway,
isoprene emission costs 9 carbon atoms, 24 ATP, and 14 NADPH. However, the
MEP pathway is more efficient than the MVA pathway in photosynthetic organ-
isms, and isoprene emission based on the MEP pathway costs only 6 carbon atoms,
20 ATP, and 14 NADPH (Table 1). Although the costis less when calculated for the
MEP pathway, it is still substantial, and any benefits ascribed to isoprene emission
will have to be weighed against this cost in both carbon and energy.

Isotopic Fractionation

Isoprene synthesis discriminates against the heavier natural isotope of carbon,
13C (133). This was originally interpreted in terms of the mevalonic acid pathway,
which starts with acetyl CoA. However, the current finding that isoprene is made by
the MEP pathway results in a need to reinterpret these data. Isoprene is isotopically
lighter than the carbon it is presumably made from, but it is not clear where the
discrimination occurs. One candidate for the cause of this discrimination is the
deoxyxylulose synthase because it decarboxylates pyruvate in a reaction similar
to the one that is responsible for discrimination in the formation of acetyl CoA
(23).
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Isoprene Degradation

Plants do not break down isoprene. When radioactive isoprene was passed over
leaves of oak (an isoprene emitter) Phaseolus vulgari¢a nonemitter), no ra-
dioactivity stayed in the plant (PJ Vanderveer & TD Sharkey, unpublished data).
In humans and other animals, isoprene is probably converted to an epoxide. The
diepoxide may be toxic; but isoprene is less likely to form the diepoxide than is
1,3 butadiene, and so isoprene is less toxic (7, 16, 17, 89).

Bacteria can metabolize isoprene (13), and some types of bacteria can use it as
their sole carbon source (27). This metabolism involves addition of glutathione to
the epoxide formed from isoprene, as well as additional steps that might lead to
acetyl CoA throughB-oxidation. Globally, this metabolism is likely to be small
relative to emission from plants, but this metabolism could be important in soil
ecology (27).

PHYSIOLOGY OF ISOPRENE EMISSION

Isoprene emission is a major metabolic pathway in some plants. Because the flux
through isoprene metabolism is high relative to other processes such as carotenoid
synthesis, itis likely that the regulation of the MEP pathway is geared to the require-
ments ofisoprene synthesis. Isoprene synthesis physiology also includes sensitivity
to a number of environmental parameters, most notably temperature and light.

Relative Rate of Isoprene Metabolism

Isoprene synthesis of major emitting plant species such as oak and aspen is typically
2% of photosynthesis at 3C. In some cases, however, isoprene emission can
account for substantially more of photosynthesis (130, 136). In nonphysiological
conditions, leaves can easily be in negative carbon balance (net loss of carbon by
isoprene emission) by having substantial isoprene emission at or below the CO
compensation point (82, 91).

Relative to the rate of isoprenoid synthesis in leaves, isoprene synthesis is by
far the dominant product of the MEP pathway. Although isoprene emission is
typically 2% of photosynthesis, carotenoid synthesis is 0.02 % of photosynthesis
(119). Moreover, isoprene synthesis begins sometime after the leaf has reached
full photosynthetic competence (92) and is no longer accumulating carotenoids
(except in cases of changes in growth light levels).

Sanadze had postulated that isoprene synthesis competes with fatty acid syn-
thesis for acetyl CoA. He found that feeding cerulenin, a fatty acid synthesis
inhibitor, increased the rate of isoprene emission (113) (confirmed by F Loreto &
TD Sharkey, unpublished data). However, the increase in isoprene emission was
much greater than the normal rate of fatty acid synthesis [fatty acid synthesis
may be about 0.03% of photosynthesis (119) or about 1% of the rate of isoprene
emission]. In any case, researchers now know that isoprene is made by the MEP
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pathway and so does not directly compete with fatty acid synthesis for acetyl CoA.
Why cerulenin increases isoprene emission remains unclear.

Relationship Between Isoprene Emission and Photosynthesis

Light Isoprene emission is dependent on photosynthesis, especially the photo-
synthetic carbon reduction cycle (PCRC or Calvin cycle). The earliest reports of
isoprene emission described its dependence on light (112, 116, 117), and the wave-
length dependence was shown to be similar to that of photosynthesis (104). In most
cases, isoprene emission saturates with the same light level as photosynthesis, but
in some cases isoprene emission increases with increasing light intensity after
photosynthesis is saturated (46, 68, 130, 131). The increase in the rate of isoprene
emission can be caused by light activation of isoprene synthase, activation of the
MEP pathway providing substrate, or some combination of these effects (29). For
example, Fall & Wildermuth (29) reported that changes in pH and Mg that nor-
mally occur in thylakoids in response to light can cause an 11-fold stimulation in
isoprene synthase activity, and a further 3-fold stimulation of activity was obtained
by adding GTP and palmitoyl CoA.

Temperature The temperature dependence of isoprene emission is very differ-
ent from that of photosynthesis. Photosynthesis gfptants in 350 ppm C®
normally exhibits a very broad temperature optimum with maximal rates°&t 30

or below. The V5, 0f rubisco increases with approximately the same temperature
dependence as th&, for CO,, and the overall rate is proportional tg, /K, at

350 ppm CQ (30). Isoprene emission, on the other hand, is very sensitive to tem-
perature. The activation energy is between 60 and 90 k3'n¢6, 135), which
corresponds to a Qof 2 to 4 depending on the temperature range. The proportion
of fixed carbon emitted as isoprene increases rapidly with temperature. Because
photosynthesis is constant or declining and isoprene emission is increasing with
temperature above 3G, at 30C typically 2% of carbon fixed by photosynthesis

is emitted as isoprene; but at“4D15% is emitted (136).

Carbon Dioxide The responses of photosynthesis and isoprene emission to car-
bon dioxide are reverse to their temperature responses: Photosynthesis is highly
sensitive but isoprene is relatively insensitive. In&@e air, isoprene emission
can be reduced 50% or more from its peak rate (82,91). With 50 ppm i€®
prene emission reaches a broad maximum and sometimes declines slightly at high
(500 ppm) CQ. The decline at high C&Ois more pronounced in low oxygen at-
mospheres and at low temperature (82), consistent with an ATP dependence of
isoprene emission. At high G@nd moderate to low temperature, feedback from
carbon metabolism can limit ATP synthesis (137).

Isoprene emission in C&ree air can be 50% of maximal rates; but if oxygen is
also removed, isoprene emission stops (82). The interpretation of this phenomenon
is that isoprene emission requires an active PCRC. Ip-f2&2 air containing
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oxygen, photorespiration will keep the PCRC active as starch reserves are mobi-
lized. However, without oxygen or Cthe PCRC is inhibited causing isoprene
emission to cease (141), which also explains away the evidence for a link between
photorespiration and isoprene emission (74) or carotenoid synthesis (54,123).
By feeding intermediates of photorespiration to £farved leaves, Jones &
Rasmussen provided a carbon source that was essential for isoprene synthesis.
The fact that these were intermediates of photorespiration did not indicate a link
between photorespiration and isoprenoid metabolism, only thatit requires an active
photosynthetic carbon reduction cycle. Hewitt et al showed that photorespiration
and isoprene emission are not linked (50).

Inhibitors  The requirement for an active PCRC probably explains why almost
all inhibitors of photosynthesis inhibit isoprene emission (82). Among inhibitors
that inhibit both processes are some that affect one or the other process a little
more rapidly (82). One inhibitor in this class is methyl viologen, which catalyzes
pseudocyclic electron transport. Methyl viologen initially reduces the availability
of NADPH but increases availability of ATP. Methyl viologen fed to oak leaves
caused isoprene emission to increase as photosynthesis started to decline, but the
effect was for only a short time. As the PCRC stopped so did isoprene emission
(82). The methyl viologen results are consistent with a big role for ATP availability

in regulating the rate of isoprene emission; a conclusion strengthened by finding a
correlation between whole leaf ATP content and isoprene emission rate (84). These
results have been interpreted in terms of the requirement of the MVA pathway for
ATP at the final steps. However, the presumed ATP cost of the MEP pathway is less
than that of the MVA pathway (Table 1). Nevertheless, ATP status probably affects
the rate of isoprene synthesis, perhaps through the 4-(cytididiptdospho)-2-
C-methyl-D-erythritol kinase or through regulatory effects on isoprene synthase.
Another compound that causes an initial increase in isoprene emission before it is
inhibited isp,L glyceraldehyde (113).

There are two exceptions to the rule that photosynthesis (or at least the PCRC)
and isoprene are always inhibited together. The first is an unpublished observation
by S Gosh & TD Sharkey. They found that cytosolic protein synthesis inhibitors
(e.g. cycloheximide) reduced photosynthesis without reducing isoprene emission.
In those experiments it appeared that the inhibitor was stopping photosynthesis
without stopping the PCRC. There is one way this could happen. If both starch
and sucrose synthesis were stopped, carbon assimilation would have to slow to
the rate at which amino acids could serve as the end products of photosynthesis.
In other words, leaves fed these inhibitors would become limited by triose phos-
phate utilization (126). Loss of oxygen sensitivity confirmed this hypothesis (124).
S Gosh & TD Sharkey (unpublished results) found that photosynthesis reduced by
feeding cycloheximide became insensitive to changes in oxygen level, confirming
that the leaves were limited by triose phosphate use. The interpretation of these
experiments is that triose phosphate use limitation does not restrict the PCRC and
so does not restrict isoprene emission. The second case of an inhibitor inhibiting
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only one of the two processes is fosmidomycin, the inhibitor of 2-deoxyxylulose
5-phosphate reductoisomerase (61, 170). Zeidler et al (170) showed that isoprene
emission was eliminated by low levels of fosmidomycin, and Sharkey et al (129)
showed that photosynthesis was unaffected by fosmidomycin.

Wound Signals

Isoprene emission is a sensitive indicator of wound signals that can travel through
plants (83). Wounding was inflicted by puncturing, smashing, cutting, and, burning
leaves, the last of these being the most effective. The effect was greatest when a
large interface between damaged and undamaged leaf surface was left. By wound-
ing one leaf while monitoring isoprene emission from a different leaf, researchers
could show the transmission of a signal. The time between wounding one leaf and
a change in rate of isoprene emission of a different leaf was linearly related to the
distance between the two leaves, allowing a calculation of travel rate of the signal.
The signal traveled about 2 mm'swhich is likely to result from electrical signals
traveling through the plant. The calcium chelator EGTA substantially delayed the
wound signal effect on isoprene emission, indicating that the electrical signal may
have caused calcium fluxes that ultimately affected isoprene emission.

Environmental Effects

Isoprene emission can be affected by nitrogen nutrition (47, 71). Trees with low
nitrogen availability had lower rates of isoprene emission than did trees with higher
nitrogen nutrition. This effect interacted with light. Trees grown in sun or shade but
with low nitrogen availability had similar, low rates of isoprene emission; but trees
with high nitrogen availability emitted substantially more isoprene when grown in
the sun than when grown in the shade.

When plants were water-stressed, isoprene emission changed little, even when
photosynthesis fell to zero (153). However, upon rewatering, isoprene emission
increased several fold above the prestress rate and stayed high for several weeks
(130). Apparently the reduced photosynthesis caused by water stress did not pre-
vent increased rates of isoprene emission. On the other hand, defoliation may
reduce isoprene emission by restricting whole plant carbon availability. Funk et al
(35) defoliated trees to examine stress responses to whole tree carbon balance.
They found that reducing the foliage carried by a tree reduced isoprene emission.

BENEFITS OF ISOPRENE EMISSION

What benefit, if any, do plants derive from isoprene emission? In other words, why
do plants make isoprene? Explanations for other volatile emissions from plants
are one place to look for answers (58). For example, acetone is probably lost as an
unavoidable by-product of fatty acid metabolism (86); and methanol is emitted,
possibly as a waste product of pectin methyl esterase (87, 95). However, neither
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of these explanations seems to apply to isoprene emission. Some of the reasons
suggested for isoprene emission include a flowering hormone (150), an antioxidant
(171), and a metabolite overflow to get rid of excess carbon (73a, 161). However,
the hypothesis that has been studied most is the thermotolerance hypothesis.

The Thermotolerance Hypothesis

Sharkey & Singsaas (134) proposed that isoprene protects photosynthesis from
damage caused by high leaf temperature. Holding leaves in darkness or in
a nitrogen atmosphere to controll endogenous isoprene synthesis, they assessed
damage to photosynthesis as the temperature at which chlorophyll fluorescence
increased (121). Singsaas et al (141) showed that adding isoprene to an air stream
(or nitrogen gas) that passed over these leaves could increase the temperature
at which damage occurred from as low as@%o as high as 4%. Another

series of experiments determined the temperature at which photosynthesis, mea-
sured as C@assimilation, fell to zero as leaves were heated (141). The zero
temperature was related to the endogenous isoprene produced by the leaf. Leaf-to-
leaf variation in isoprene emission provided a range of isoprene treatments. The
zero-photosynthesis temperature increased with increasing endogenous isoprene
emission. These experiments indicated that isoprene was having some effect on
the temperature tolerance of photosynthesis, but none of the experiments were
conclusive.

Given the tentative nature of the evidence, Logan & Monson'’s published state-
ment that, “Thermotolerance of leaf discs from four isoprene-emitting species is
not enhanced by exposure to exogenous isoprene,” (73) was of substantial concern.
They found that chlorophyll fluorescence of leaf discs held in darkness or light
plus nitrogen did not increase until 45, regardless of whether isoprene was in the
air stream. In their experiments the control leaf pieces did not exhibit photosyn-
thetic damage below 4B. Measurements of the temperature where, G@lake
fell to zero were not reported.

Two improvements have allowed definitive experiments. First, the thermotol-
erance hypothesis has been refined. Now, researchers hypothesize that isoprene
protects against short high-temperature episodes (140, 142). Therefore, instead
of heating leaves and determining where irreversible damage occurs (cook and
look), investigators used a new protocol of measuring the recovery from a short
high-temperature episode. The second improvement was the use of fosmidomycin,
the inhibitor that eliminates isoprene production without affecting photosynthe-
sis. With these improvements, much stronger evidence for the thermotolerance
hypothesis has been obtained (129). Heating kudzu leaves @fé6 two min-
utes caused photosynthesis to be eliminated. Twenty minutes after returning the
leaf to 30C, photosynthesis recovered by 90%. Photosynthesis of leaves fed fos-
midomycin recovered only 60%. To show that the reduced recovery resulted from
the loss of isoprene, researchers gave fosmidomycin-fed leaves physiological lev-
els of isoprene in the air stream. With exogenous isoprene, recovery was similar to
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leaves in which isoprene emission had not been inhibited (129). This result shows
that isoprene synthesis provides tolerance of short high-temperature episodes.
Monoterpenes emitted in a light-dependent manner also provide this type of ther-
moprotection. Repeated cycles of high-temperature stress give reduced recovery in
leaves without isoprene or monoterpene, although leaves with isoprene or monoter-
pene maintain high rates of photosynthesis, especially after repeated periods of
high temperature (19, 80, 129).

What property of the isoprene molecule provides thermotolerance? Molecules
similar to isoprene were tested to see what is important for thermotolerance. One
rule was apparentin the results. All alkenes tested (1,3-butadiene, 1-buteais, and
2-butene) provided thermotolerance though alkanes (2-methyl-butane, n-butane,
andiso-butane) did not; they even increased the damage caused by heat (129).

Speculation concerning the mechanism by which isoprene protects against
short high-temperature episodes depends upon characteristics of the high temper-
ature damage. An attractive idea for which data exists is that thylakoid membranes
become leaky at moderately high temperature (9, 97). Isoprene could reside in the
thylakoid membrane for a (short) time and enhance hydrophobic interactions. It
could even block the formation of water channels because of the large volume
of the double bonds. Another possibility is that excursions to high temperature
allow separation of the mono- and digalactosyldiacylglycerides of the thylakoid
membrane, resulting in nonbilayer structures (37). Another alternative is that high
temperature excursions could allow large membrane-bound protein complexes
(e.g. photosystem l1) to fragment. Isoprene could enhance hydrophobic interac-
tions within either membranes or protein complexes. Because each excursion to
high temperature could resultin more nonbilayer structures or more disrupted pro-
tein complexes, repeated high temperature episodes would progressively reduce
the photosynthetic capacity. As leaves can be subject to dozens of high-temperature
episodes each day (140, 142), the increased recovery from each episode afforded
by isoprene could become very important to the plant.

Antioxidant

A second hypothesis that investigators have considered is that isoprene serves
as an antioxidant in leaves. This idea is normally put forward on the basis of
the rapid reaction of isoprene with ozone and hydroxyl radicals. Although often
discussed by researchers (147), this hypothesis has little evidence to support or
reject it. Hewitt et al (49) found that isoprene-emitting plants were more sensitive
to ozone damage because of hydroperoxides formed on the plants, which points
out the weakness with the antioxidant hypothesis: Isoprene will propagate radicals
not quench them. The result of isoprene interaction with hydroxyl radicals in the
atmosphere is simply more radicals, and the same could be true inside of leaves.
On the other hand, F Loreto (unpublished data) has found that exogenous iso-
prene can protect leaves against a short, acute exposure to a high concentration
of ozone (300 ppb). On the day following exposure, the leaves without isoprene
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developed large necrotic areas where cells had collapsed; leaves given isoprene
with ozone showed little necrosis. One question that arises is whether the effect of
isoprene is radical quenching or membrane strengthening. More work is required
on the antioxidant hypothesis.

Getting Rid of Excess Energy or Carbon

Some people have speculated thatisoprene emission may serve the plant as a safety
valve, releasing excess carbon and energy (73a). However, the amount of energy
that can be lost by this mechanism is small compared to the energy dissipation
mechanisms associated with nonphotochemical quenching of chlorophyll fluores-
cence, zeaxanthin, (21) and possibly other thermal dissipation mechanisms (10).
Similarly, Rubisco is deactivated when the leaf cannot use carbon as fast as the
photosynthetic reactions can produce it (110, 125), which is a much more effective
method of regulating carbon uptake during those rare times when there is excess
carbon fixation capacity. Wagner et al (161) have proposed a more restricted version
of this hypothesis to explain isoprene emission fi@nsubtilis In this case, they
proposed that a mismatch between DMAPP production and its use in higher iso-
prenoid synthesis or prenylation reactions can be remedied by isoprene emission.
Metabolic pathways are commonly regulated to prevent carbon from accumulat-
ing in unusable intermediates. However, nothing is known about the regulation of
the MEP pathway by which DMAPP for isoprene emission from bacteria is made
(160), so it is possible that bacteria might need an overflow valve.

REGULATION OF ISOPRENE EMISSION

The regulation of isoprene emission is important for understanding physiological
controls and for modeling isoprene emission in air quality models. Most work up to
now has been directed toward improved air-quality modeling. For isoprene emis-
sion, two environmental controls are normally considered: light and temperature
(26, 153, 154). Stomatal control need not be considered.

Isoprene Emission and Stomatal Closure

Isoprene emission is not controlled by stomatal closure (91), even though isoprene
exits the leaf through the stomata (82), because isoprene synthesis is not affected
by its concentration inside the leaf and its emission reflects synthesis (127). In
other words, the leaf is analogous to a current generating circuit where the current
output is constant regardless of the resistance downstream of the current generator.
Fall & Monson showed that when stomata are closed by feeding abscisic acid to
their leaves through the petiole, then the concentration of isoprene inside the leaf
builds up to counteract the increased diffusion resistance until emission matches
synthesis (28).
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The Guenther Model for Predicting Isoprene Emission

Current models are primarily based on algorithms published by Guenther et al
(42), although mechanistic models have also been proposed (43,96,173). The
Guenther algorithms specify three parameters for predicting isoprene emission.
First is a basal emission rate or capacity for emission, second is a light correction
term, and third is a temperature correction term. The basal rate is the rate in
arbitrary conditions agreed upon by people working in this field. The conditions
chosen were 3@ and 100Q:mol m—2s~1 photosynthetically active radiation. By
choosing one set of conditions, researchers could compare measurements made
by many different researchers at different times. The initial assumptions were that
this rate reflected the capacity for isoprene emission and that it would not change
over the normal growing season.

The correction for light was a rectangular hyperbola that was fit to data from a
number of measured light responses. Generally, isoprene emission and photosyn-
thesis exhibit similar light responses, but in some cases isoprene saturates at much
higher light levels than does photosynthesis (68, 130).

The temperature correction incorporated an activation energy and a deactivation
energy that described a high-temperature falloff. The activation energy is similar in
many different situations. However, the falloff depends on how the measurements
are made (140). When leaf temperature was raised© 8bmore, isoprene emis-
sion at first increased then decreased. In some cases, the rate of emissidh at 40
was initially 2—3 times greater than at°&Q) but over 30 min, the rate continually
fell until it was less at 40C than at 30C (143). Because of this time dependence
in the isoprene response to temperature, response curves measured over severa
hours show much less isoprene emission abov€ 36an do curves measured
over several minutes (140, 143). More isoprene is available when leaf temperature
is rapidly fluctuating than when it is constant, even if the average temperature is
the same. For predictive models, a simple activation energy correction algorithm
may work well (143).

The basal rate was initially assumed constant for a given species over most of
the growing season. Researchers soon recognized that leaves become photosyn-
thetically competent before they begin to emit large amounts of isoprene (33, 39),
especially when the temperature is low (47,92). Similarly, the capacity for iso-
prene emission falls late in the season, giving a pronounced seasonality to both
temperate and boreal forests (33, 34, 172). In predictive models this variation in
the basal emission rate was taken into account by assuming a sine function for
isoprene emission capacity over the growing season (40).

The basal rate is also dependent on light. Leaves that develop in the shade have
lower basal emission rates than those that develop in the sun (131). As a result,
leaves at the tops of trees emit more isoprene than leaves at the bottom because
there is more sunlight at the top and leaves’ capacity for emission is greater there
(46, 136).
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Even more basal rate variability has been reported recently (135, 146). By plot-
ting basal rate measured on the same tree on six different occasions over three years
of field work against several environmental variables, investigators have found that
temperature measured over a few days could explain a great deal of variability in
basal emission rate (135). Basal emission rates used in predictive models may need
to be based on an algorithm that takes into account both seasonality and weather
effects.

Physiological Regulation

The predictive modeling assumes either instantaneous changes in isoprene emis-
sion rates (the light and temperature correction factors) or very long-term (mostly
seasonal) changes that are included in the basal emission rate. In the laboratory we
see evidence for regulation over many different time frames. When leaf temper-
ature is changed by changing the radiative heat load, isoprene emission initially
increases as quickly as leaf temperature and then more slowly with a time constant
of 116 s (142). The response to a change taAB first an increase in emission

rate that lasts for 5 to 15 min, followed by a decrease lasting for the next 15 min
(143). Researchers have seen changes in isoprene emission capacity in response
to temperature changes with a time constant of hours (DT Hanson & TD Sharkey,
unpublished data), and the effect over a day or two of these changes has already
been described (135).

The temperature response of isoprene emission was related to isoprene syn-
thase activity (93). However, these measurements were made when the tools for
measuring isoprene synthase were not as good as they are today. The results re-
ported by Monson et al indicated that the drop-off temperature was likely caused
by destruction of the isoprene synthase, but investigators now know that this is a
regulatory phenomenon (143). The drop-off has also been ascribed to changes in
electron transport activity of photosynthesis (96), but this model does not predict
the variable temperature optima for isoprene emission rate that was reported by
Singsaas et al (143).

The changes in basal emission rate have also been correlated with extractable
isoprene synthase activity (59, 65, 165). In at least one case, the variation in ex-
tractable enzyme activity was not correlated with changes in protein amount as
determined by Western blots (165). Much more work is still needed on measuring
gene expression, message turnover, protein amount, and specific activity changes
to see how the changes in isoprene emission are controlled.

In addition to changes in isoprene synthase activity, the activity of the MEP
pathway must be regulated to accommodate the large changes in isoprene emission
rates that occur. Preliminary results indicate that both deoxyxylulose synthase and
deoxyxylulose reductoisomerase transcripts can be induced in kudzu leaves by
switching to high temperature to induce isoprene emissions (findings based on
RNA blots) (S Yeh & TD Sharkey, unpublished data) Arabidopsis which does
not emit isoprene, high temperature did not induce changes in the abundance of
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transcripts encoding these enzymes. On the other hand, isopentenyl pyrophosphate
isomerase transcript abundance did not change when kudzu leaves were induced
to make isoprene. If the MEP pathway can make DMAPP without first making
IPP, this isomerase is not needed.

One level of regulation that is not likely to be relevant is the competition be-
tween carotenoid synthesis and isoprene synthesis for the products of the MEP
pathway. Because isoprene emission consumes so much more DMAPP than does
carotenoid synthesis, changes in carotenoid synthesis will not affect isoprene emis-
sion capacity.

EVOLUTIONARY CONSIDERATIONS

Phylogenetics of Isoprene Emission

Isoprene emission is a common but not universal plant trait. Nearly all plant species
emit very low levels of isoprene, but only about onethird of angiosperm species
tested emit isoprene at substantial rates (45). The term substantial is intention-
ally vague in this case and reflects the fact that emission rate measurements are
hard to compare among the various reports. A number of lists of emitters have
been published, and most or all have been compiled into a database available at
http://www.es.lancs.ac.uk/es/people/pg/pas/download.html or from the author. A
more exhaustive list is maintained by R Rasmussen (unpublished data).

Several groups have hypothesized about the meaning of the phylogenetic re-
lationships that characterize isoprene emission. In one case, Harley et al (48)
concluded that high rates of isoprene emission are a derived character that evolved
many times because, they believe, basal lineages of many plant groups often do
not emit isoprene. On the other hand, Hanson et al (45) concluded that isoprene
emission evolved once when mosses evolved and that the trait can be either sup-
pressed, resulting in the very low levels of emission found in most plants, or not
suppressed, resulting in the high levels found in those plants considered isoprene
emitters. One difference in assumptions between these two reports is that Hanson
et al assumed that loss of function was more parsimonious than gain of function,
although Harley et al considered gain and loss of function equally probable.

Isoprene is also emitted from fungi, bacteria (27,60, 160, 161), and animals
(11, 98), especially humans (14, 36, 52, 149). A relationship between these emis-
sions has not been clearly established. Because isoprene is made in plastids and
is closely associated with photosynthesis, a connection between human isoprene
emission and plant isoprene emission is unlikely, unless human emission is a
product of bacteria resident in humans.

Costs Versus Benefits of Isoprene Emission

Isoprene emission is a substantial cost to the plant in terms of both carbon and
energy loss. Given the cost, plants that do not emit would outcompete those that do
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emit, unless isoprene emission provides a benefit that exceeds the cost of emission.
The thermotolerance hypothesis provides the explanation of what plants may gain
from isoprene emission, and the effect can be large relative to the cost of emission.
This hypothesis suggests plants that suffer short high-temperature episodes should
emitisoprene. Trees often fit this description; the leaves at the tops of trees exposed
to full sun can heat up substantially if the air is still (24). The heat of the leaves
themselves would then cause convective air movement, cooling the leaf. Once the
leaf was cooled, the air movement could stop and the cycle could be repeated.
Thus, leaves at the tops of trees are potentially subject to numerous large swings
in temperature. On the other hand, desert plants have very small leaves so that the
boundary layer is small and the leaves cannot heat up much above air temperature.
Generally, desert plants do not make isoprene. Crop plants that have been selected
for high rates of photosynthesis will also have been selected for open stomata.
When a leaf with open stomata begins to heat up, water will evaporate, keeping
any leaf temperature change small relative to the case where stomata are more
closed. Finally, when the humidity is high, heat loss by evaporation is reduced.
Therefore, plants in tropical environments should, and do (56), emit relatively
more isoprene than do most plants in temperate or cool climates.

Hanson et al (45) measured moss temperature and found that moss growing
at some distance from the water surface experienced wide temperature changes,
though moss growing close to water (within 2.5 cm) had much less temperature
variation. They speculated that isoprene emission might have been an important
step in the evolution of land plants. As plant progenitors started to stand up in the
air, the low heat capacity of air allowed plant temperatures to vary much more
than when the organisms were in water, which has a high heat capacity. Isoprene
emission is common in mosses (45) but uncommon and possibly nonexistent in
algae. Although investigators have reported some level of isoprene from algae and
they have found isoprene in seawater (8), given the likely presence of bacteria in
the algae, it is not clear whether marine algae or bacteria associated with the algae
are responsible for the significant amounts of isoprene in the atmosphere above
the oceans (169).

Liverworts may be the most primitive land plants, based on an analysis of three
mitochondrial introns (101). The liverworts tested to date do not emit isoprene
(45). Many mosses do emit isoprene, and so Hanson et al postulated that there was
a major gain of function somewhere between the liverworts and mosses. There
are some large-scale patterns concerning which lineages of plants emit and which
do not. For example, cycads and ginkgo do not emit, but emission is common in
conifers, ferns, and angiosperms. In addition to this large-scale pattern, there is
a small-scale pattern in isoprene emission capacity. The best example is in the
genusQuercus All species endemic to North America emit isoprene, but a num-
ber of Eurasian species do not emit it (15, 48, 78). Other genera, s\tlces
also show a disjunct between North American species and Eurasian species as
researchers have found for a number of flowering plant genera (163). Researchers
believe this disjunct occurred 20 to 30 million years ago when a number of climatic
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changes caused the loss of land bridges that connected the Eurasian and American
populations. Thus, we see both large-scale patterns that could have had their ori-
gins 200-300 million years ago and small-scale patterns that may have arisen
20-30 million (or fewer) years ago.

Paleoclimate

Climatic changes can be inferred from isotope and other geological records. In
some cases, plant evolution can be interpreted in light of paleoclimatic changes.
One of the best examples is the association of the evolution of fpatGway of
photosynthesis with lowered G@nd increased temperature that occurred between

10 and 30 million years ago (25). To make a similar analysis for isoprene, we must
first consider the costs and benefits of isoprene emission. The costis clearly the loss
of carbon and energy needed for isoprene synthesis. The benefit can be assumed to
be protection against short high-temperature episodes. Thus, whaes @éntiful

and the temperature is warm, the costs are less and the benefits more than when
CO, levels and temperature are low.

The changes in CQglobal temperature, and oxygen (which affects how costly
the energy loss is because oxygen leads to photorespiration) were reconstructed
from several models (4, 5, 6) (Figure 2). Two periods can be identified where the
cost/benefit ratio for isoprene emission may have been high. When land plants first
evolved, the CQlevel and temperature were high while the oxygen level was less
than the present day level of 20%. Under these conditions, isoprene emission may
have been highly favored and, as argued by Hanson et al (45), possibly necessary

Temperature, °C

v A
0 | 1 | L | L | L | 5
-400 -300 -200 -100 0
Million Years

Figure 2 Possible levels of CQ O,, and temperature over the time that land plants have existed.
Derived from data of Berner (4,5, 6). GG= eeeeeee, O, ——e—e, temperature=
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for the emergence of mosses. Because air has a very low heat capacity, as mosses
started to grow up and away from the ground, they would be subject to large
changes in temperature. Isoprene emission may have been required to cope with
these large temperature changes.

During the Permian period, GQevels were low, temperature was low, and
oxygen levels were high. Therefore, the carbon and energy cost of isoprene was
more important and the benefit (which occurs in high temperature) was less im-
portant. Perhaps during the Permian period, plant lineages that arose (e.g. cycads)
(38) did not have the capability to emit isoprene because the cost benefit ratio
was not favorable (Figure 3). By the time angiosperms evolved, thel&@l
and temperature had gone back up and oxygen had gone back down. Many an-
giosperms have the capacity to make isoprene, and some researchers have argued
that the first angiosperms had this ability (45); but this is not a universal view
(48).

The CG level fell and oxygen rose during the mid to late Miocene epoch of the
Tertiary period £5-20 million years ago), the time that, @lants are believed to
have evolved. Perhaps a similar evolutionary pressure led to loss of isoprene emis-
sion capacity in some lineages of angiosperms (and other plant groups). Variation
in loss of function during this period could lead to the evolution of certain groups
within a genus that emit isoprene though other groups lack this trait, as seen in
Quercus In summary, the colonization of land by plants may have depended on
the evolution of isoprene emission to cope with the low-heat capacity of air, but

Cycads

Seed Ferns S Angiosperms

- —— Conifers
—_ —— Ferns
 — — lycophytes

Mosses
Hornworts

Liverworts

OrdSily Devy Car Per;Triy Jur | Cre | Ter |

500

400 300 200 100 QC -
., blants

Million Years Ago

Periods of low CO, and low temperature

Little or no isoprene emission
High isoprene emission in many species

Figure 3 Relative abundances of major land plant groups (modified from Graham, 38).
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then isoprene emission may have been lost in many land plants, especially during
the Permian and Miocene (Figure 3).

FUTURE RESEARCH

From a physiological standpoint, the most important next step is to clone the
isoprene synthase gene and study its regulation. This step will answer questions
about metabolic regulation and provide tools for the further study of the regulation
of isoprene emission capacity. The enzymes of the MEP pathway should also
be studied in isoprene-emitting species. Because isoprene synthesis is perhaps
100 times faster than carotenoid synthesis, the regulation of the MEP pathway in
isoprene-emitting species may be different from that in nonemitting species. How
much regulation needs to be changed in order to change a nonemitting plant into
an emitting plant and vice versa?

Studies are needed on the possible mechanisms by which isoprene can protect
membranes against thermal stress. Whether thermotolerance is ultimately accepted
as the driving force behind the evolution of isoprene synthesis in higher plants will
depend on a clear understanding of its mechanism. These studies could lead to
new discoveries concerning the effect of temperature on membranes.

Finally, additional work is needed to determine the complete MEP pathway.
This could provide insight into why there are two independent pathways to make
IPP. It would be interesting to know whether the lowered energy cost of the MEP
pathway in photosynthetic organisms contributed to the evolution of this pathway.
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NOTE ADDED IN PROOF

The DNA sequence for the gene encoding isoprene synthase has now been deter-
mined independently by W Zimmer and D Gong and TD Sharkey. The gene is
similar to limonene synthases of many species. There is no similar gene in any of
the bacterial genomes or the human genome, consistent with the idea that plant
isoprene emission is unrelated to that of bacteria and humans.



