
detailed surveys of hydrothermal sites and additional geophysical
studies.

One of the factors driving the continuing search for hydrothermal
vents on the Gakkel ridge is the unknown make-up of the chemo-
synthetic faunal communities that surround them. The fauna
inhabiting known Atlantic and Pacific vent sites are markedly
different from each other, and also exhibit distinct biogeographical
differences within each of these oceans3,27. There is no modern deep-
water (ridge depth) connection between the Gakkel ridge and other
parts of the mid-ocean ridge system south of Iceland. Current
knowledge of the tectonic history of the Arctic Ocean28,29 suggests
that there has been no such connection between the Arctic and the
other major ocean basins during its history. Therefore it is likely that
new species of vent biota, which have evolved in isolation from
those in other oceans, will be discovered at hydrothermal sites on the
Gakkel ridge3. Future studies that locate these vent sites, and return
images and samples from them, will provide insights into the
evolution of vent organisms and the pathways by which they
migrated into these sites. A
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The emission of isoprene from the leaves of forest trees is a
fundamental component of biosphere–atmosphere interactions,
controlling many aspects of photochemistry in the lower atmos-
phere1–3. As almost all commercial agriforest species emit high
levels of isoprene4, proliferation of agriforest plantations has
significant potential to increase regional ozone pollution5–7 and
enhance the lifetime of methane8, an important determinant of
global climate. Here we show that growth of an intact Populus
deltoides plantation under increased CO2 (800 mmol mol21

and 1,200 mmol mol21) reduced ecosystem isoprene production
by 21% and 41%, while above-ground biomass accumulation was
enhanced by 60% and 82%, respectively. Exposure to increased
CO2 significantly reduced the cellular content of dimethylallyl
diphosphate, the substrate for isoprene synthesis, in both leaves
and leaf protoplasts. We identify intracellular metabolic compe-
tition for phosphoenolpyruvate as a possible control point in
explaining the suppression of isoprene emission under increased
CO2. Our results highlight the potential for uncoupling isoprene
emission from biomass accumulation in an agriforest species,
and show that negative air-quality effects of proliferating agri-
forests may be offset by increases in CO2.

k Present address: National Center for Atmospheric Research, Boulder, Colorado 80305, USA.
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Unlike other crops, almost all fast-growing agriforest species,
including Acacia (tropical), Eucalyptus (tropical) and Populus
(temperate), emit significant quantities of isoprene (2-methyl-1,3-
butadiene)4,9, a highly reactive hydrocarbon. Afforestation with
such fast-growing trees has been suggested as a way to ameliorate
increases in atmospheric CO2 concentration10, [CO2], and planta-
tion forests will undoubtedly be important in supplying future
global demand for wood11. When such plantations occur on large
spatial scales, the effects on atmospheric chemistry can be marked12.
As a result, the continued expansion of agriforest plantations
(10.5 Mha yr21 at present)13 has the potential to affect significantly
the oxidative behaviour of the atmosphere, in turn negatively
affecting local air quality5,6, perturbing regional biogeochemical
cycles3 and further contributing to climate forcing by enhancing the
lifetime of tropospheric methane8. However, realistic estimates of
regional isoprene emission are difficult to obtain, and we also lack
an adequate understanding of the biochemical mechanisms that
may couple isoprene emission to increased [CO2] and associated
global climate change.

To examine the effect of [CO2] on isoprene emission of an
agriforest species, we established three cottonwood plantations
(Populus deltoides Bartr.), from approximately 50 trees each, in
the forestry section of Columbia University’s Biosphere 2 Center, a
large controlled-environment research facility14. The poplar clone
used was obtained from Westvaco Corporation and is currently
used as planting stock for Populus agriforests in the south-eastern
United States. Poplar clones were planted in 1998 in three large
replicate mesocosms. [CO2] set points within the three mesocosms
have been maintained at 430 mmol mol21 (p.p.m.), 800 p.p.m. and
1,200 p.p.m. since May 2000. By the end of the growing season (day
341), canopy height ranged from 7.5–8.1 m (approximately one-
half mesocosm height).

The semi-closed nature of the Biosphere 2 facility (see Methods)
allowed a continuous determination of net ecosystem isoprene
production. Figure 1 shows the typical day-to-day variability and
pattern of isoprene emission in the three mesocosms. All three
mesocosms displayed the well-characterized light-dependent diur-
nal pattern of isoprene emission15, with maximal emissions occur-
ring at roughly midday. Compared with the current [CO2] of
430 p.p.m., growth at increased [CO2] resulted in marked decreases
in the daily release of isoprene (Fig. 1). Here we report the effects of
atmospheric [CO2] on whole-ecosystem isoprene emissions; the
results are similar to previous reports of leaf-level suppression of
isoprene emission in Populus16 in response to increased [CO2].

When integrated over the 2000 growing season, net ecosystem
isoprene production was reduced at increased [CO2] by 21% and

41%, respectively (Table 1). However, reductions in ecosystem
isoprene production were not a consequence of decreased pro-
ductivity. Total above-ground plant biomass harvested at the end of
the growing season increased by 60% and 82% with increased [CO2]
(Table 1). We also measured leaf-level photosynthesis rates through-
out the growing season, which were generally enhanced under
increased [CO2] (data not shown). Throughout the course of the
experiment, the poplar leaves displayed no indication of photo-
synthetic downregulation at either 800 or 1,200 p.p.m. CO2.
Instead, the biomass data suggests a significant degree of CO2

fertilization of this rapidly growing species, supporting numerous
other studies suggesting that the productivity and capacity to
sequester carbon in Populus sp. may benefit from enhanced
[CO2]17. To summarize the mesocosm results, it appears that the
percentage of fixed CO2 converted to isoprene is decreased by CO2

fertilization.
To study the biochemical nature of the isoprene suppression, we

measured the content of dimethylallyl diphosphate (DMAPP) in
leaves growing in each of the three mesocosms. DMAPP is the
immediate precursor of isoprene biosynthesis, and the regulation of
its production in plant chloroplasts has been implicated in the
control of isoprene emission18. Isoprene-emission rates were deter-
mined on leaves (n ¼ 6–12) from each mesocosm in the middle of
the photoperiod and subsequently harvested for DMAPP analysis.
Both isoprene-emission rates (normalized to leaf area) and DMAPP
content were significantly reduced at increased [CO2], and there was
a significant positive correlation between DMAPP content and

Figure 1 Net ecosystem isoprene production for Populus deltoides plantations. Data is

shown for growth at three different concentrations of CO2 at the Biosphere 2 facility. The

figure depicts six representative days during the 2000 growing season. Isoprene

production is expressed per ecosystem area.

Figure 2 Isoprene production and dimethylallyl diphosphate (DMAPP) content in leaves

and protoplasts of P. deltoides. a–c, Isoprene production (a), DMAPP content (b) and their

relationship with a fitted linear regression (c) from leaves collected at the Biosphere 2

facility. Values represent the mean ^ s.e.m. (n ¼ 6–8). d–f Isoprene production (d),

DMAPP content (e) and their relationship with a fitted linear regression (f) from protoplasts

incubated under four concentrations of CO2. Values represent the mean ^ s.e.m.

(n ¼ 3). Within a panel, means with the same letter are not significantly different

(P , 0.05).
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isoprene emission (Fig. 2a–c). These data indicate that controls over
DMAPP synthesis underlie the suppression of isoprene emission at
increased [CO2].

To further examine this possibility, we developed an independent
experimental system using isolated protoplasts. Intact, isoprene-
emitting protoplasts were isolated from leaves of the same clones of
P. deltoides Bartr. growing in greenhouses at the University of
Colorado, Boulder. When incubated under increased [CO2], proto-
plasts showed the same suppression of isoprene production and
DMAPP content (Fig. 2d–f), and the same strong positive corre-
lation between DMAPP content and isoprene production as leaves
grown under increased [CO2]. Isoprene emission from protoplasts
was found to be especially sensitive to inhibition by NaHCO3

(Fig. 3), an alternative CO2 source. Once again, the suppression
of isoprene emission was strongly positively correlated with the
cellular concentration of DMAPP. Taken together, results from both
whole leaves and isolated protoplasts strongly support the hypoth-
esis that the suppression of isoprene emission under increased
[CO2] involves substrate-level regulation and is a direct result of
reduced DMAPP production.

The controls over DMAPP synthesis in chloroplasts are poorly
understood19. However, recent results indicate that a significant
fraction of carbon entering the chloroplastic DMAPP pool is extra-
chloroplastic in origin20, and may arise from cytosolic phospho-
enolpyruvate (PEP). If so, then competition for PEP in the plant cell
cytosol could have an impact on isoprene emission in the chloro-
plast. We proposed that increasing cellular [HCO3

2], in response to
increasing [CO2], might directly reduce cytosolic PEP concen-
trations by stimulating the activity of cytosolic PEP-carboxylase
(PEPC). PEPC, a ubiquitous plant enzyme, catalyses the carboxyla-
tion of PEP to oxaloacetic acid for anaplerotic reactions in plant
cells21, and is present with high activity in the leaves of Populus (data
not shown). To test the role of PEPC in influencing isoprene
formation, we fed two PEPC inhibitors to excised leaves of
P. deltoides (Fig. 4). Addition of either diethyloxalacetate (DOA)
or 3,3-dichloro-2-(dihydroxyphosphinoylmethyl)-propenoate
(DCDP, see Methods) enhanced the rates of isoprene emission,

supporting the hypothesis that isoprene emission is responsive to
the availability of cytosolic PEP. These general results were repli-
cated several times, and experiments with Eucalyptus and northern
red oak, both isoprene emitters, yielded similar results (data not
shown). The increase in isoprene emission occurred despite variable
impacts on photosynthesis. When PEPC was assayed in whole-leaf
extracts, addition of either DOA or DCDP led to a significant
inhibition of activity (data not shown).

It should be noted that growth in increased [CO2] has been
shown to increase both leaf mitochondrial number22 and the rate of
leaf respiration in the light23. Presumably, increased conversion of
PEP to pyruvate must occur under increased [CO2] to provide the
necessary substrate for increased mitochondrial respiration during
the day, further reducing the availability of cytosolic PEP for other
cellular processes. We speculate that suppression of isoprene emis-
sion reflects a more fundamental metabolic response of plants to
increases in [CO2]—namely, altered partitioning of PEP between
mitochondrial and chloroplastic processes. In addition, this
dynamic exchange between the mitochondria and the chloroplast
may help to explain why the CO2 effect on isoprene emission has
been variable16.

The emission of isoprene from agriforest species represents a
significant unintended consequence of agriforest cultivation. As
short-rotation agriforests provide an increasing array of human
services—including lumber, pulp and paper production, biofuels for
renewable energy and, potentially, carbon sequestration10,11—the
continued widespread establishment of these managed ecosystems
is likely to influence the continued rise in tropospheric ozone7,8 as
well as the sustainability of the oxidative power of the atmosphere24.
Although isoprene emission is generally considered to be closely
linked to photosynthetic metabolism25, results from this study show
that leaf development under increased [CO2] reduced isoprene
emission, despite concomitant increases in both photosynthesis
and biomass accumulation. The identification of intracellular
metabolic competition for PEP provides a mechanism for recon-
ciling the decreased chloroplastic isoprene emission with the,
presumably, increased rates of mitochondrial respiration necessary
for biomass accumulation. The results from this study confirm

Table 1 Isoprene production and biomass accumulation at varying [CO2]

[CO2] (p.p.m.) Isoprene production (mmol m22) Biomass (g m22)
.............................................................................................................................................................................

430 79.5 668
800 61.4 1,070
1,200 46.9 1,220
.............................................................................................................................................................................

Values for the net ecosystem isoprene production and the above-ground biomass accumulation are
expressed per ecosystem area. Measures were obtained for three Populus deltoides plantations
grown at three concentrations of CO2 ([CO2]) in the Biosphere 2 facility during the 2000 growing
season.

Figure 3 NaHCO3 reduces isoprene production and DMAPP content in P. deltoides

protoplasts. Inset, the relationship between isoprene production and DMAPP content with

a fitted linear regression.

Figure 4 Influence of two inhibitors of phosphoenolpyruvate carboxylase activity on

isoprene production and net photosynthesis in excised leaves of P. deltoides.

a, Diethyloxalacetate (DOA; 100 mM) b, 3,3-dichloro-2-(dihydroxyphosphinoylmethyl)-

propenoate (DCDP; 4 mM). Arrows and time zero indicate the application of inhibitor.
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experimentally in an intact Populus ecosystem that increased [CO2]
cannot only enhance biomass accumulation in a short-rotation
agriforest, but also reduce net ecosystem isoprene production. So
the negative air-quality impacts (that is, isoprene emission) of
proliferating agriforests may be partially offset by increases in global
[CO2]. A

Methods
Biosphere 2 experiment
This experiment was conducted in the 2,000 m2 forestry section of Columbia University’s
Biosphere 2 Center (Oracle, Arizona, USA)14. The forestry section is physically isolated
from the remainder of Biosphere 2, and has independent climate and CO2 control; it is
subdivided into three roughly equal 12,000 m3 mesocosms. Outside air is constantly
exchanged with a set of push–pull fans, and [CO2] within each bay is maintained at set
points by adding pure CO2 from a liquid storage tank. The mesocosms are subjected to the
light regimes of a temperate desert region, attenuated by the glass and steel structure. An
automated climate-control system maintains temperature, dew point and soil moisture
(for further details, see ref. 26). Cottonwood (P. deltoides Bartr.) clones (S7c8-day neutral)
used in this experiment were obtained from a fibre production farm (Westvaco
Corporation); they are adapted to the lower Brazos River, Texas. Clones were planted in
1998 and coppiced at the end of each growing season. Each mesocosm contained 43–47
trees. We calculated hourly ecosystem isoprene production from mesocosm isoprene
concentrations measured with a Fast Isoprene Sensor (Hills Scientific); volumetric
exchange rates and leak rates were determined from SF6 injection, using ten-day averages
to fill data voids.

Leaf photosynthesis and isoprene measurements
Leaf-level gas-exchange measurements were made with a portable photosynthesis system
(Li-6400, Li-Cor Inc.). All measurements were made on attached leaves at 30 8C and
1,000 mmol photons m22 s21, and with growth [CO2] at 430 p.p.m., 800 p.p.m. or
1,200 p.p.m. within Biosphere 2; in the case of the inhibitor experiments, [CO2] was at
360 p.p.m. for detached leaves from trees growing at ambient [CO2] in greenhouses at the
University of Colorado. To determine leaf-level isoprene-emission rates, a small sample of
air exiting the cuvette was injected into a gas chromatograph and measured with either
photo-ionization or reduction gas detection15.

Protoplast experiments
Protoplasts were isolated from young leaves of P. deltoides Bartr. as described in ref. 27,
with slight modification to enhance yield28. To determine isoprene production,
protoplasts, equivalent to 25 mg of chlorophyll, were incubated in small vials containing
0.7 M sorbitol, 50 mM HEPES (pH ¼ 7.0), 2 mM MgCl2 and 1 mM CaCl2, and head-space
isoprene concentrations were determined by gas chromatography (reduction gas
detection) after a 30–60-min incubation at 1,000 mmol m22 s21 at 25 8C. CO2 was
provided as either CO2 gas occupying the vial headspace or as NaHCO3.

DMAPP analysis
DMAPP content was determined as isoprene released following acidification of
lyophilized leaf material18, or after rapid acidification of intact protoplasts and subsequent
head-space analysis.

PEPC inhibitors
Stock solutions of DOA and DCDP were prepared as described29,30 and supplied to the cut
petiole (final concentrations: 100 mM DOA and 4 mM DCDP).
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Traditional discussions of speciation are based on geographical
patterns of species ranges1,2. In allopatric speciation, long-term
geographical isolation generates reproductively isolated and
spatially segregated descendant species1,3. In the absence of
geographical barriers, diversification is hindered by gene
flow1,3,4. Yet a growing body of phylogenetic and experimental
data suggests that closely related species often occur in sympatry
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