










decline, paralleling overall isoprene emissions (Fig. 4C).
Moreover, photosynthetic conditions under high 13CO2
concentrations resulted in a strong increase in the optimal
temperature of [13C5]isoprene emissions (maximum of
68.5% at 42.0°C). Thus, the optimal temperature for relative
[13C5]isoprene emissions increased with 13CO2 concentra-
tions (150 ppmv 13CO2, 27.5°C; 300 ppmv 13CO2, 30.0°C;
and 800 ppmv 13CO2, 42.0°C).

Gly, a Photorespiratory Intermediate, Is an Alternative
Carbon Source for Isoprene

To examine photorespiration as a carbon source
for isoprene, labeling studies were conducted with
[2-13C]Gly fed to detached shimbillo branches through the
transpiration stream under constant light and tempera-
ture conditions, while simultaneous 13C-labeling analysis
of CO2 (using cavity ring-down spectroscopy [CRDS])
and isoprene (using PTR-MS and GC-MS) was im-
plemented. Emissions of 13CO2 were detected within 5 min
of placing the detached stem in [2-13C]Gly and reached
a maximum roughly 4 h later (d13CO2 of roughly
6,000‰; Fig. 5). Together with the increase in 13CO2 emis-
sions, emissions of [13C1–5]isoprene was also stimulated at
the expense of [12C]isoprene. After 4 h in the [2-13C]Gly
solution, relative emissions of [12C]isoprene declined to
42% of total, while [13C1–5]isoprene increased to values 31%,
15%, 5%, 4%, and 3%, respectively. Thus, a large fraction
(51%) of isoprene emissions under [2-13C]Gly con-
tained one to three 13C atoms. This labeling of isoprene
was confirmed by GC-MS measurements (data not

shown). When the stem was placed back in water,
emissions of 13CO2 and [13C1–5]isoprene quickly decreased
to natural abundance levels, while [12C]isoprene increased.
This result suggests a rapid unlabeling of photorespiratory
and isoprene precursor pools and that [2-13C]Gly de-
livered to the leaves via the transpiration stream does
not accumulate but is rapidly metabolized.

Figure 4. Representative PTR-MS time series plots showing absolute and relative emissions (percentage of total) of [12C]isoprene
and [13C1–5]isoprene as a function leaf temperature from three separate shimbillo leaves exposed to 150 (A), 300 (B), and 800 (C)
ppmv 13CO2. Note that increased 13CO2 concentrations strongly enhance the temperature corresponding to the maximum relative
emissions of [13C5]isoprene (150 ppmv, 27.5˚C; 300 ppmv, 30.0˚C; and 800 ppmv, 42.0˚C).

Figure 5. Representative CRDS and PTR-MS time series plot show-
ing 13C-labeling of photorespiratory CO2 and isoprene during 10 mM

[2-13C]Gly feeding of a detached shimbillo branch through the transpira-
tion stream under constant light (300–500 mmol m–2 s–1 PAR) and air
temperature (28˚C–30˚C). The detached branch was first placed in water
and then transferred to the [2-13C]Gly solution for 4 h before being replaced
in water. ppbv, Parts per billion by volume.
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Changes in Gly-Derived Labeling Patterns under
Changing Temperature and Photorespiratory Conditions

Leaf temperature curves with [2-13C]Gly under
photorespiratory conditions (12CO2, 50 and 150 ppmv)
were used to evaluate the temperature dependence of
putative photorespiratory carbon incorporation into iso-
prene and CO2. Under constant light conditions (1,000
mmol m–2 s–1 PAR), parallel environmental and gas ex-
change measurements were made as a function of leaf
temperature on single detached shimbillo leaves. Iso-
prene (PTR-MS) and CO2 (CRDS) 13C-labeling dynamics
were examined. In leaves exposed to photorespiratory
conditions (50 ppmv 12CO2; negative net photosynthesis)
and [2-13C]Gly, emissions of labeled 13CO2 were observed
within minutes of placing the leaf in the solution (Fig.
6A). 13CO2 emissions (0.23–0.26 mmol m–2 s–1) remained
stable for over approximately 1 h, while the leaf tem-
perature was maintained at 30°C and only slightly in-
creased (0.28 mmol m–2 s–1) when leaf temperatures were
elevated to 35°C. A decline in 13CO2 emissions at higher
leaf temperatures was observed (.35°C); this may be
related to increased stomatal resistance and reduced
transpiration rates at the higher leaf temperatures (data
not shown). This could increase 13CO2 photoassimilation
rates and reduce [2-13C]Gly uptake rates, resulting in
decreased 13CO2 emissions.
Upon exposure to [2-13C]Gly, the label also rapidly

appeared as [13C1–5]isoprene within minutes, with
[13C1]isoprene and [13C2]isoprene being the dominant
species. The labeling pattern of isoprene quickly sta-
bilized, with [13C1–3]isoprene accounting for 50% to 55% of
total isoprene emissions, and remained stable for over
1 h at constant (30°C) leaf temperature. Although emis-
sions of unlabeled [12C]isoprene were not strongly
stimulated by increases in leaf temperature, those of

[13C1–3]isoprene were. In contrast to 13CO2 emissions,
which declined at the highest leaf temperatures, [13C1–3]
isoprene continued to increase up to the highest leaf
temperature examined (43.0°C). At 43.0°C, relative
emissions were [12C]isoprene (27%), [13C1]isoprene
(34%), [13C2]isoprene (25%), [13C3]isoprene (10%), and
[13C4]isoprene (3%). This contributed to a decrease in
[12C]isoprene relative emissions with temperature (27% at
the highest leaf temperature, 43.0°C). Small emissions of
fully 13C-labeled [13C5]isoprene emissions could also be
detected up to 32.5°C leaf temperature (4%) but returned
to background levels at higher leaf temperatures.

The experiment was repeated on leaves under higher,
but still photorespiratory, 12CO2 concentrations, (150 ppmv
12CO2). In this case, 13CO2 emissions increased with in-
creasing temperature, up to 37.5°C, where a decline
in emissions was observed. Both [12C]isoprene and
[13C1–3]isoprene increased with increasing temperature
throughout the experiment; no decrease was observed
(Fig. 6B). Relative increases in [13C1–3]isoprene were greater
than increases in [12C]isoprene, resulting in an overall
decrease in the relative emissions of [12C]isoprene with
temperature to a minimum of 43% of total emissions at
37.5°C. At high leaf temperatures, up to 51% of total iso-
prene emissions had at least one 13C ([13C1]isoprene, 31%;
[13C2]isoprene, 15%; and [13C3]isoprene, 5%).

DISCUSSION

Coupling of GC-MS, PTR-MS, and CRDS Instruments to a
Leaf Photosynthesis System

To finely delineate the contribution of different car-
bon sources to isoprene under different environmental
conditions, we developed a novel analytical approach.

Figure 6. Representative CRDS and
PTR-MS time series plots showing the
influence of increasing leaf temper-
ature on absolute emissions of pho-
torespiratory 13CO2, [

12C]isoprene,
and [13C1–5]isoprene from de-
tached shimbillo leaves in a 10 mM

[2-13C]Gly solution under 50 ppmv
12CO2 (A) and 150 ppmv 12CO2 (B).
Also shown are the relative emissions
(percentage of total) of [12C]isoprene
and [13C1–5]isoprene. Note the gen-
eral pattern of increasing relative
emissions of [13C1–4]isoprene and
a decrease in [12C]isoprene with
temperature.
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The approach is based on the coupling of PTR-MS,
thermal desorption (TD) GC-MS, and CRDS instruments
to a Li-Cor leaf photosynthesis system. Label was provided
through 12CO2 or

13CO2 fumigation or through transpira-
tion stream feeding with a [2-13C]Gly solution. This sys-
tem enabled us to observe real-time dynamics of
[12C]isoprene and [13C1–5]isoprene leaf emissions during
light and temperature curves (PTR-MS) while per-
forming 13C-labeling analysis of isoprene fragment and
parent ions C2, C4, and C5 (GC-MS). The coupling of
both GC-MS and PTR-MS allows us to overcome the
limitations of the individual MS systems. PTR-MS only
measures signals at a given m/z at unit mass resolution,
leaving the results with significant uncertainties around
the identity of the responsible compound(s). PTR-MS
produces real-time emission data but cannot discriminate
between other compounds with the same nominal mo-
lecular mass (e.g. isoprene and furan) or determine the
difference between a parent ion or an interfering frag-
ment ion from another compound (e.g. isoprene or a
fragment of a C5 green leaf volatile; Fall et al., 2001).
High-light and -temperature stresses are known to pro-
mote emission of a number of other volatile compounds
(Holopainen and Gershenzon, 2010), and these com-
pounds could substantially interfere with the PTR-MS
signals attributed to isoprene. As the GC-MS provides
chromatographic separation of isoprene from other
compounds before mass analysis, this data provides an
accurate assessment of isoprene carbon sources as a
function of light and temperature that can directly be
compared with the PTR-MS data. Moreover, because
common commercial infrared gas analyzers have very
low and unquantified sensitivity to 13CO2, the coupling
of the CRDS laser to the photosynthesis system enabled
us to measure 13CO2 concentrations during isoprene la-
beling studies and 13CO2 photorespiratory emission rates
during [2-13]Gly branch and leaf feeding experiments.

Relative Contributions of Different Carbon Sources Do
Not Change as a Function of Light Intensity

Following the initiation of 13CO2 labeling during
light and temperature curves, mango leaves continued
to release [12C]isoprene for 20 to 30 min before the [13C]
label began to appear in [13C1–5]isoprene (Figs. 1, B and
C, and 2, B and C). This release may reflect the time
required for the fixed [13C] to move through metabolism
and appear in isoprene, replacing [12C] in the system.
Leaf dimethylallyl pyrophosphate (DMAPP) and/or
MEP pathway intermediate pools may be relatively high
in mango leaves under our experimental conditions.
Using 13CO2 labeling, we found that relative emissions of
[13C5]isoprene (percentage of total) determined by PTR-MS,
isoprene 13C/12C isotope ratios (R2, R4, and R5) de-
termined by GC-MS for C2, C4, and C5 ions, and net
photosynthesis rates shared the same optimum in re-
sponse to leaf temperature and were tightly coupled
across all light and temperature conditions studied. Thus,
conditions that maximize net photosynthesis rates also

maximize the relative emission rates of [13C5]isoprene
(percentage of total). While [13C5]isoprene showed a
strong light stimulation in mango leaves, [12C]isoprene
emissions remained low and were not stimulated by in-
creases in light (Fig. 1; Supplemental Fig. S1). Thus, the
increased isoprene emission observed under increasing
irradiation (PAR, .500 mmol m–2 s–1) is due entirely to
synthesis from recently fixed carbon.

Above the Optimum for Net Photosynthesis, the Relative
Contribution of Alternate Carbon Sources Increases

Similarly to the situation under increasing illumination
in mango leaves, as temperatures increase to the opti-
mum temperature for net photosynthesis, the increase in
net photosynthesis rate is driven by increases in the gross
photosynthesis rate, and increases in [13C5]isoprene
emissions also occur without significant stimulation in
[12C]isoprene emissions (Figs. 2 and 3). However, at leaf
temperatures above the optimum for net photosynthe-
sis, the proportion of carbon derived from alternate
carbon sources increased to support high isoprene
production rates (Figs. 2 and 3); this is consistent with
previous findings in poplar (Populus spp.), a temperate
tree species (Funk et al., 2004). Consequently, although
absolute and relative emissions of [13C5]isoprene were
coupled across light curves (Fig. 1; Supplemental Fig.
S1), they became decoupled at high leaf temperatures
(Figs. 2 and 3): Absolute emissions of [13C5]isoprene
peaked at higher leaf temperatures than the optimum for
relative [13C5]isoprene emissions. We observed a similar
response in a second tropical species, shimbillo, under
similar conditions (Fig. 4B), suggesting that the response
is typical among isoprene-emitting species.

A Rapid Mechanism for Balancing Availability of Carbon
for Isoprene Production under Sharp
Temperature Changes

In addition to an overall increase in alternate carbon
sources at increased leaf temperatures, a striking short-
term compensatory response was observed during
sharp temperature ramps in mango at temperatures
above the optimum for photosynthesis (Fig. 2, B and C).
In these instances, sharp decreases in [13C5]isoprene were
mirrored by sharp increases in all partially labeled iso-
prene species. The increase for each species was pro-
portionate to the relative contribution of each species to
total isoprene emission. This response was also observed
in shimbillo leaves under similar conditions (Fig. 4B),
although it was not quite as pronounced as the mango
response. These data suggest that when photosynthesis
is unable to provide sufficient substrate to maintain
isoprene production during temperature shifts, a rapid
mechanism exists to compensate via carbon from alter-
native sources.

Isoprene synthase (IspS) is responsible for conversion
of DMAPP to isoprene (Silver and Fall, 1991). While
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DMAPP is found both in the cytosol (from MVA
pathway flux) and the chloroplast (from MEP pathway
flux), IspS is localized in the chloroplast (Wildermuth
and Fall, 1996; Schnitzler et al., 2005; Vickers et al.,
2010), so it can only use DMAPP from the chloroplastic
pool. Leaf isoprene emission is directly correlated with
extractible enzyme activity (Monson et al., 1992) as well
as with the amount of IspS in the leaf (Vickers et al.,
2010), and IspS levels do not change rapidly in response
to changing environmental conditions (Vickers et al.,
2011), suggesting that the enzyme itself is not under
direct regulation and isoprene production is largely
driven by the availability of DMAPP in the chloroplast.
Under the assumption that isotopic discrimination by
IspS is trivial, we can presume that the decrease in the
amount of labeled isoprene observed during tempera-
ture ramps is a result of a transient decrease in photo-
synthetically supplied label and consequently a decrease
in photosynthesis-derived MEP pathway flux. The
speed of the compensatory response observed in Figure
2 (essentially instantaneous) suggests that an alternative
(unlabeled) carbon source is immediately available to
the IspS enzyme. This alternative source of carbon may
derive from rapid import of glycolysis and/or MVA
intermediates (pyruvate/phosphoenolpyruvate and
isopentenyl pyrophosphate/DMAPP) from the cytosol
and/or from chloroplastic production of unlabeled MEP
pathway precursors (pyruvate and glyceraldehyde-3-
phosphate). Unlabeled chloroplastic MEP pathway pre-
cursors may be generated during photorespiration,
starch degradation, and the reassimilation of respira-
tory and photorespiratory CO2.
Although it is demonstrated that cross talk exists

between the MVA and MEP pathways (Laule et al.,
2003), the degree and direction of cross talk is highly
variable between species, tissues, developmental stages,
etc. Complex and poorly understood regulatory mecha-
nisms exist in plants to ensure that sufficient isoprenoid
precursors are available for synthesis of isoprenoid
compounds (Rodríguez-Concepción, 2006). It has been
shown that prenyl phosphates can be transported across
the chloroplast membrane (Flügge and Gao, 2005), and
while it is generally thought that cross talk at the prenyl
phosphate level occurs at only low levels under normal
circumstances, it is clear that exchange of prenyl phos-
phates between compartments occurs at relatively high
levels in a variety of circumstances, in particular, where
production of high levels of specific isoprenoids is re-
quired (Rodríguez-Concepción, 2006). However, the rate
of cross talk has not been accurately quantified.

Investigating Photorespiration as a Source of Alternate
Carbon for Isoprene Production

Both recently assimilated and alternate carbon sources
are known to contribute to isoprene production in
plants, and the relative contribution of different carbon
sources changes under changes in environmental condi-
tions, in particular, drought, salt, and heat stress (Loreto

and Delfine, 2000; Funk et al., 2004; Brilli et al., 2007) and
changes in CO2/O2 ratios (Jones and Rasmussen, 1975;
Karl et al., 2002; Trowbridge et al., 2012). These former
stresses can increase stomatal resistance, resulting in re-
duced CO2/O2 ratios, decreasing rates of net photosyn-
thesis while increasing photorespiratory rates (Wingler
et al., 1999; Hoshida et al., 2000). These patterns may be
reflected in changes in relative contributions of photo-
synthetic and alternate carbon sources for isoprene
when the flux of immediately fixed carbon is limited
(sometimes severely). However, alternate carbon sources
for isoprene are relatively poorly defined, and little is
known about how they vary during changes in light and
temperature, the environmental variables known to have
the largest effect on isoprene emissions.

One potential source for the unlabeled isoprene
carbon is photorespiration. High temperatures and low
CO2 concentrations are well known to stimulate photo-
respiration at the expense of photosynthesis, resulting in
a decline of net photosynthesis rates (Bauwe et al., 2010;
Hagemann et al., 2013). Under increased temperature,
the enzyme Rubisco is less able to discriminate between
CO2 and O2; moreover, the solubility of CO2 is also re-
duced, thereby resulting in an increase in the relative
concentration of O2 to CO2. Consequently, photorespira-
tion increases at increasing temperatures. This makes
photorespiration an interesting potential source of alter-
nate carbon under the experimental conditions used here.

It was proposed 40 years ago that photorespiration
could serve as an important alternate carbon source for
isoprene (Jones and Rasmussen, 1975). In this research
study, strong radioactivity was observed in isoprene
from leaf slices incubated with [2-14C]Gly, a photo-
respiratory intermediate (Fig. 7). The authors noted
striking parallels between known controls over iso-
prene emissions and photorespiration rates, including
a stimulation of both processes by temperature and
low CO2 concentrations and suppression by high CO2
concentrations. Prior to our study, evidence that pho-
torespiratory intermediates could contribute to iso-
prenoid production in chloroplasts had already been
published (Shah and Rogers, 1969). This study dem-
onstrated the appearance of radioactive label in MEP
pathway products (including b-carotene during exposure
of excised shoots to [2-14C]glyoxylate and [U-14C]Ser, both
photorespiratory intermediates). However, subsequent
studies suggested that there was no close relationship
between isoprene emissions and photorespiration (Monson
and Fall, 1989; Hewitt et al., 1990; Karl et al., 2002). Most of
these studies used reduced oxygen-mixing ratios to inhibit
photorespiratory rates; however, this may also interfere
with mitochondrial respiration and stimulate fermentation
and the accumulation of pyruvate, a substrate for isoprene
production (Kimmerer and Macdonald, 1987; Vartapetian
et al., 1997; Vartapetian and Jackson, 1997). Thus, low
oxygen-mixing ratios may stimulate isoprene production
through an increased import of pyruvate into chloroplast
(Jardine et al., 2010).

Assuming absolute [13C5]isoprene emission reflects
gross photosynthesis rates, while relative emissions
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reflect net photosynthesis rates, the observed uncoupling
of isoprene emission from net photosynthesis is likely
influenced by the high-temperature and/or low-CO2/O2
stimulation of respiratory (Loreto et al., 2004) and pho-
torespiratory (Jones and Rasmussen, 1975) CO2 produc-
tion. While well known to reduce net photosynthesis
rates, these processes may potentially act as alternate car-
bon sources for isoprene. During 13CO2 labeling, emissions
of [12C]isoprene and partially labeled [13C1–4]isoprene,
representing alternate carbon sources, increased with leaf
temperature. For example, at leaf temperatures of 45°
C, up to 80% of isoprene was emitted as [12C]isoprene
and [13C1–4]isoprene compared with up to 41% at the
optimal temperature for net photosynthesis (Fig. 3C).
These observations are consistent with previous studies
demonstrating increases in alternate carbon contribu-
tions for isoprene under conditions known to limit net
photosynthesis, including low CO2 concentrations and
drought (Affek and Yakir, 2003; Funk et al., 2004;
Trowbridge et al., 2012). In addition to conditions that
limit net photosynthesis, those that enhance the rates of
alternate carbon sources (e.g. low-CO2 and high-
temperature stimulation of photorespiration) may also

be important contributors to reduced 13C-labeling of
isoprene under 13CO2.

We decided to examine photorespiration as a potential
carbon source more closely using shimbillo, a species
more amenable to transpiration stream feeding. We first
repeated the thermal stress experiments under a range
of 13CO2 concentrations (Fig. 4). Under photorespiratory
conditions (150 ppmv 13CO2), a reduction in the leaf
temperature where emissions of [13C5]isoprene were
replaced by partially labeled and unlabeled isoprene
was observed (27.5°C under 150 ppmv 13CO2 versus
30°C under 300 ppmv 13CO2). By contrast, under pho-
tosynthetic conditions (800 ppmv 13CO2), a dramatic
increase in the leaf temperature, where [13C5]isoprene
emissions transitioned to unlabeled or partially labeled
isoprene emissions, was observed (42.0°C).

Although photorespiratory intermediates can be la-
beled during photosynthesis under 13CO2, mass spec-
trometry studies attempting to partition photosynthesis
and photorespiration have shown that it is incomplete,
likely due to metabolic connections of photorespiratory
intermediates with other pathways (Haupt-Herting et al.,
2001). Thus, under 13CO2, if photorespiratory carbon

Figure 7. Simplified schematic of isoprenoid me-
tabolism in photosynthetic plant cells and its
relationship to photosynthesis, glycolysis, respi-
ration, and photorespiration. Although the MVA
pathway is found in the cytosol and the MEP
pathway is found in the chloroplast, some cross
talk occurs between the pathways through the
exchange of intermediates (dashed arrows). CO2

assimilated by the Calvin cycle, entering the MEP
pathway as GA3P and ending up as carbon
atoms 1 through 3 of isoprene, is shown in green.
Figure modified from Vickers et al., 2009a and
2014. AA-CoA, Acetoacetyl-coenzyme A; CTP,
cytidine 59 triphosphate; CDMEP, 4-(cytidine
59-diphospho)-2-C-methyl-D-erythritol; CMP, cyti-
dine 59monophosphate; DXP, 1-deoxy-D-xylulose-
5-P; FPP, farncyl pyrophosphate; GPP, geranyl
pyrophosphate; GGPP, geranyl geranyl pyro-
phosphate; G6P, Glc-6-P; HMBPP, 1-hydroxy-2-
methyl-2-(E)-butenyl 4-diphosphate; HMG-CoA,
(S)-3-hydroxy-3-methylglutaryl-coenzyme A;
IPP, isopentenyl pyrophosphate; MECPP, 2-C-
methyl-D-erythritol-2,4-cyclodiphosphate; MVAP,
mevalonate-5-P; MVADP, mevalonate diphos-
phate; PEP, phosphoenolpyruvate; PCPPME,
2-phospho-4-(cytidine 59-diphospho)-2-C-methyl-
D-erythritol; Phytyl-PP, phytyl pyrophosphate; TCA,
tricarboxylic acid.
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sources begin to dominate photosynthetic carbon sources
for Calvin cycle intermediates, reduced 13C-labeling of
isoprene would be expected.

[2-13C]Gly Labeling Studies Support Photorespiration as an
Alternative Carbon Source for Isoprene

Upon feeding of shimbillo with [2-13C]Gly, we ob-
served a rapid incorporation of label into isoprene and
CO2 (Figs. 5 and 6). The results of the shimbillo leaf
temperature curves under [2-13C]Gly labeling provide
new evidence that both direct (substrate) and indirect
(CO2 reassimilation) photorespiratory carbon processes
contribute to isoprene biosynthesis. During photores-
piration, the C1 of Gly is decarboxylated, while the C2 is
used to methylate a second Gly to form Ser via a 13CH2-
tetrahydrofolate intermediate. Thus, the rapid emission
of 13CO2 and isoprene with multiple 13C atoms (one to
five) demonstrates that the supplied [2-13C]Gly can
undergo several photorespiratory cycles. For example,
[2,313C]Ser could form when the supplied [2-13C]Gly is
methylated by 13CH2-tetrahydrofolate generated from
another [2-13C]Gly. The release of photorespiratory 13CO2
emissions would require the formation of Gly with a 13C
atom in the first carbon position ([1-13C]Gly), which
could occur through the entry of photorespiratory in-
termediates into the Calvin cycle (e.g. glycerate-3-
phosphate [GA3P]) followed by the exit of the Gly
precursor glycolate into photorespiration. Thus, emis-
sions of 13CO2 from shimbillo leaves under [2-13C]Gly
provides evidence of rapid integration of photorespiratory
and Calvin cycle intermediates. The output of GA3P from
the Calvin cycle with one to three 13C atoms could then
explain the 13C-labeling patterns observed in isoprene
emissions. However, as 13CO2 emissions were also ob-
served, reassimilation of photorespiratory carbon could
also be an important source of 13C in isoprene. When
13C emissions in 13CO2 was quantitatively compared
with 13C emissions in [13C1–5]isoprene under [2-13C]Gly
leaf feeding during high leaf temperatures, 10% to 50%
of 13C emitted as 13CO2 was emitted as [13C1–5]isoprene.
Interpretation of these results, however, is complicated
by the reduced transpiration rates and stomatal con-
ductance at high leaf temperatures, leading to a de-
creased uptake rate of the [2-13C]Gly solutions and
potentially increased reassimilation of 13CO2. Nonetheless,
our observations present new evidence that the photo-
respiratory C2 cycle and the photosynthetic C3 Calvin
cycle are intimately connected to the MEP pathway for
alternate and photosynthetic carbon sources for iso-
prenoid biosynthesis (Fig. 7).

CONCLUSION

In this study, we show, for the first time, real-time
responses of photosynthetic and alternate carbon sources
for isoprene synthesis under variations in light and tem-
perature. We also show that one possible alternate carbon

source for isoprene precursors is photorespiration, which
is known to become active at the expense of photosyn-
thesis under high temperatures and contribute to the
decline in net photosynthesis. While previous research on
the effects of CO2 concentrations on isoprene carbon
sources have focused on its potential effects on carbohy-
drate metabolism (Trowbridge et al., 2012), our results
provide new data supporting its role in influencing
photorespiratory carbon sources for isoprene. These data
support the original suggestion of Jones and Rasmussen
(1975) and stand in contrast to studies in the interim that
have suggested photorespiration does not provide an
alternate carbon source for isoprene.

The processes described here could help maintain
the carbon flux through the MEP pathway under high-
temperature conditions. This may help maintain the
biosynthesis of isoprene (and possibly other isopre-
noids including photosynthetic pigments) under stress
conditions that reduce photosynthesis rates while in-
creasing photorespiratory rates. Given that the highest
isoprene emission rates occur under these conditions,
the investment of alternate carbon sources into iso-
prene biosynthesis is considerable but may be impor-
tant for helping to protect the photosynthetic machinery
from oxidative damage and the activation of stress-
related signaling processes (Vickers et al., 2009a, 2014;
Karl et al., 2010; Loreto and Schnitzler, 2010; Jardine
et al., 2013). By including the representation of photo-
synthetic and photorespiratory carbon sources of iso-
prene at high temperatures in mechanistic Earth System
models, this study could aid in improving the links
between terrestrial carbon metabolism, isoprene emis-
sions, and atmospheric chemistry and improve esti-
mates of the terrestrial carbon budget.

MATERIALS AND METHODS

Isoprene Emissions and Net Photosynthesis

At the Lawrence Berkeley National Laboratory, three growth chambers
(E36HO, Percival Scientific) were used to acclimatize nine dwarf mango
(Mangifera indica) ‘Linneaus’ (Nam Doc Mai, Top Tropicals) plants for 4 weeks
prior to experimentation. This tropical species was selected because of its high
reported emissions of isoprene (Jardine et al., 2012, 2013) and the relative ease
of obtaining potted plants from a commercial supplier. The plants were
maintained under PAR flux density of 300 to 1,500 mmol m–2 s–1 (depending
on leaf height) with a light period of 7 AM to 5:59 PM, light/dark air temper-
atures of 30°C/28°C, and ambient CO2 concentrations of 400 ppmv. The plants
were grown in 7.6-L plastic pots (21.6 cm diameter) filled with peat moss soil
and watered weekly. Light and temperature curves were carried out on intact
individual leaves under 12CO2 and

13CO2 as described below.
Net photosynthesis and isoprene emission rates were quantified from

mango leaves using a commercial leaf photosynthesis system (LI-6400XT,
Li-Cor) interfaced with a high-sensitivity quadrupole PTR-MS (Ionicon Analytik)
and a GC-MS (5975C series, Agilent Technologies). Gas samples were col-
lected on TD tubes and injected into the GC-MS for analysis using an auto-
mated TD system (TD100, Markes International) as described below. All
tubing and fittings employed downstream of the leaf chamber were con-
structed with PFA Teflon (Cole Parmer) to prevent isoprene adsorption. Ultra-
high-purity hydrocarbon-free air from a zero air generator (737, Pure Air
Generator, AADCO Instruments) was humidified with a glass bubbler filled
with distilled water and directed to the LI6400XT gas inlet via an overblown
tee. At all times, the flow rate of air into the leaf chamber was maintained at
537 mL min–1, the internal fan was set to the maximum speed, and the CO2
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concentration entering the chamber was maintained at 400 ppmv. Using a
four-way junction fitting, air exiting the leaf chamber was delivered to the
PTR-MS (40 mL min–1) and the TD tube (100 mL min–1 when collecting), with
the remainder of the flow diverted to the vent/match valve within the
LI6400XT. The excess flow entering the vent/match valve was maintained to
at least 200 mL min–1 by loosely tightening the chamber onto the leaf using the
tightening nut.

One leaf from each of four mango plants was used to evaluate the response
of net photosynthesis and isoprene emissions to changes in PAR and leaf
temperature; each curve was generated by averaging the results from the four
leaves. Each day of the study for either a PAR or leaf temperature response
curve, one leaf near the top of one of the plants was placed in the enclosure,
and either leaf temperature or PAR was independently varied while the other
variable was held constant. To prevent artificial disturbance to the plants,
during gas exchange measurements, the LI6400XT leaf cuvette was placed
inside the growth chamber with the plants. Before and after each PAR and leaf
temperature curve, background measurements were collected with an empty
leaf cuvette. During these background measurements, two TD tube samples
were collected with PAR/leaf temperature conditions identical to the first and
last values, respectively, in the series. Before and after the introduction of the
leaf into the cuvette, continuous isoprene emission rates were acquired using
PTR-MS.

For light response curves, measurements were made under constant leaf
temperature (30°C) at PAR flux of 0, 25, 50, 75, 100, 250, 500, 1,000, 1,500, and
2,000 mmol m–2 s–1. For leaf temperature response curves, measurements were
made under constant irradiance (1,000 mmol m–2 s–1) at 25°C, 27.5°C, 30°C,
32.5°C, 35°C, 37.5°C, 40°C, and 42°C. In some cases, higher leaf temperatures
up to 44°C to 45°C could also be reached. Control experiments were also
conducted (two leaves randomly selected from one plant) with the same
temperature levels but in the dark (0 mmol m–2 s–1) to evaluate the potential for
isoprene emissions in the absence of light at elevated temperatures. Following
the establishment of a new PAR or leaf temperature level, a delay of 5 min was
used prior to data logging to allow the trace gas fluxes to stabilize. After the
delay, the reference and sample infrared gas analyzers were matched, leaf
environmental and physiological variables were logged, and isoprene emis-
sions were collected on a TD tube (10-min collections for temperature curves
and 5-min collections for PAR curves).

13CO2 Labeling in Mango

During 13C-labeling of isoprene emissions from mango leaves, a cylinder
with 99% 13CO2 (Cambridge Scientific) was connected to the LI-6400XT. To
maintain a constant approximately 400 ppmv 13CO2 in the reference air en-
tering the leaf cuvette, the CO2 concentration in the reference chamber was set
to 100 ppmv. The difference between 13CO2 concentration as measured by LI-
6400XT and the CO2 concentration set point is due to the reduced sensitivity of
the LI-6400XT detector to 13CO2 relative to 12CO2 (roughly 25%). While this
configuration allowed for 13C-labeling of isoprene, an accurate measurement
of net photosynthesis could not be obtained, due to the reduced sensitivity for
13CO2. Therefore, we compared 13C-labeling patterns of isoprene as a function
of PAR and leaf temperature with isoprene emissions and net photosynthesis
under 12CO2. PAR and leaf temperature curves under 13CO2 were conducted
using the method described above for 12CO2, and a total of four PAR and four
leaf temperature curves were carried out (four different leaves on one plant).

Photorespiratory Carbon Sources Analysis of Isoprene
Using 13CO2 and [2-13C]Gly Labeling

To evaluate the potential for photorespiratory carbon sources for isoprene,
five naturally occurring 5- to 10-m-tall shimbillo (Inga edulis) trees growing
near the laboratory at the National Institute for Amazon Research were used.
This species was selected because detached shimbillo leaves maintained high
transpiration rates, and therefore uptake of the [2-13C]Gly solutions, for at least
12 h following leaf detachment from the tree. By contrast, mango leaves
showed greatly reduced transpiration rates within 1 h following leaf detach-
ment from the tree. Temperature curves (25.0°C, 27.5°C, 30.0°C, 32.5°C, 35.0°C,
37.5°C, 40.0°C, and 42.5°C) were carried out under three different 13CO2
concentrations (150, 300, and 800 ppmv) on attached fully expanded shimbillo
leaves (three leaves at each 13CO2 concentration). For [2-13C]Gly labeling ex-
periments, the stem of detached shimbillo branchlets (2.7–3.2 g dry weight)
were placed in the [2-13C]Gly solution, and the leaves were sealed in a 4-L
Teflon branch enclosure under constant light (300–500 mmol m–2 s–1 PAR) and

air temperature conditions (28°C–30°C) and with 2 L min–1 of hydrocarbon-free
air flowing through. Isoprene and CO2 labeling analysis were performed using
PTR-MS, GC-MS, and a cavity ring-down spectrometer for isotopic CO2 (CRDS
model G2201-I, Picarro). Three replicate branchlet labeling experiments were
performed on successive days. In addition, temperature curves (30.0°C, 32.5°C,
35.0°C, 37.5°C, 40.0°C, and 42.5°C) were carried out on three detached shimbillo
leaves fed with 10 mM [2-13C]Gly via the transpiration stream. Detached leaves
were placed in tap water before being recut, transported to the laboratory, and
placed in the [2-13C]Gly solution. The upper portion of the leaf was then im-
mediately placed in the LI-6400XT leaf chamber at 1,000 mmol m–2 s–1 PAR and
with 537 mL min–1 humidified air flowing through. Two leaves were measured
under 50 ppmv 12CO2, and two leaves were measured under 150 ppmv 12CO2
entering the leaf chamber. In addition to leaf physiological variables (e.g. net
photosynthesis, transpiration, etc.) measured by the LI-6400XT, [12C]isoprene
and [13C1–5]isoprene emissions were measured using PTR-MS in parallel with
13CO2 emissions using CRDS.

TD GC-MS

Isoprene in leaf enclosure air sampleswas collected bydrawing 100mLmin–1 of
enclosure air through a TD tube for 5 or 10 min (0.5 and 1.0 L, respectively) by
connecting a mass flow controller and a pump downstream of the tube. TD tubes
were purchased commercially, filled with Tenax TA, Carbograph 1TD, and
Carboxen 1003 adsorbents (Markes International). The TD tube samples were
analyzed for isoprene with a TD-100 TD system (Markes International) interfaced
to a gas chromatograph/electron impact mass spectrometer with a triple-axis
detector (5975C series, Agilent Technologies). After loading a tube in the TD-
100 TD system, the collected samples were dried by purging for 4 min with 50
mL min–1 of ultra-high-purity helium (all flow vented out of the split vent)
before being transferred (290°C for 5 min with 50 mL min–1 of helium) to the
TD-100 cold trap (air toxics) held at 0°C. During GC injection, the trap was
heated to 290°C for 3 min while backflushing with carrier gas at a flow of
6.0 mL min–1. Simultaneously, 4 mL min–1 of this flow was directed to the split,
and 2 mL min–1 was directed to the column (Agilent DB624, 60 m 3 0.32 mm
3 1.8 mm). The oven temperature was programmed with an initial hold of
3 min at 40°C followed by an increase to 88°C at 6°C min–1, followed by a hold
at 230°C for 10 min. The mass spectrometer was configured for trace analysis
with a 15-times detector gain factor and operated in scan mode (m/z 35–150).
Identification of isoprene from TD tube samples was confirmed by compari-
son of mass spectra with the U.S. National Institute of Standards and Tech-
nology mass spectral library and by comparison of mass spectra and retention
time with an authentic liquid standard (10 mg mL–1 in methanol, Restek). The
GC-MS was calibrated to isoprene by injecting 0.0, 0.5, 1.0, and 2.0 mL of the
liquid standard onto separate TD tubes with 100 mL min–1 of ultra-high-purity
nitrogen flowing through for 15 min (calibration solution loading rig, Markes
International).

The TD GC-MS analysis method for 13C-labeled isoprene emissions from
mango leaves exposed to 13CO2 was identical to those under 12CO2, except for
the parameters of the mass spectrometer. For 13CO2 experiments, the mass
spectrometer was also configured for trace analysis with a 15-times detector
gain factor but operated in selected ion monitoring mode with 18 different m/z
values measured sequentially with a 20-ms dwell time each. These include
m/z 27 to 29 (C2 isoprene fragment, zero to two 13C atoms, respectively), m/z 53 to
57 (C4 isoprene fragment, zero to four 13C atoms, respectively), and m/z 68 to 73
(C5 isoprene parent ion, zero to five 13C atoms, respectively). 13C/12C isotope
ratios for each sample were calculated for C2 (

13C2H3/
12C2H3, R2 = m/z 29/27)

and C4 (
13C4H5/

12C4H5, R4 = m/z 57/53) fragment ions as well as C5 (
13C5H8/

12C5H8, R5 = m/z 73/68) parent ions. It is important to note that R2, R4, and R5
can currently only be considered qualitative indicators of isoprene 13C-labeling
intensity. This is because just downstream of each GC-MS 12C-fragment and
parent ion (m/z 27, 53, and 68), additional fragments exist, produced, for
example, by hydrogen abstractions. 13C-labeling of these downstream frag-
ments may increase the signals assumed to be only due to 12C-ions (m/z 27, 53,
and 68). This may result in an underprediction of R2, R4, and R5, which was
not accounted for.

PTR-MS

Isoprene emissions were analyzed from the LI6400XT leaf cuvette in real
time using a PTR-MS operated with a drift tube voltage of 600 V, temperature
of 40°C, and pressure of 200 Pa. The following m/z were monitored during
each PTR-MS measurement cycle: 21 (H3

18O+) and 32 (O2
+) with a dwell time
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of 20 ms each and 37 (H2O-H3O
+) with a dwell time of 2 ms. Routine main-

tenance prior to the measurement campaign in California and Manaus, Brazil
(ion source cleaning and detector replacement) enabled the system to generate
H3O

+ at high intensity (1.5–2.5 107 counts s–1 H3O
+) and purity (O2

+ and H2O-
H3O

+ , 5% of H3O
+). During each measurement cycle, the protonated parent

ion of [12C]isoprene was measured at m/z 69 with a 2-s dwell time. During
13C-labeling studies, 13C-labeled parent ions of isoprene were also measured
with a 2-s dwell time and include m/z 70, [13C1]isoprene; m/z 71, [13C2]isoprene;
m/z 72, [13C3]-isoprene; m/z 73, [13C4]-isoprene; and m/z 74, [13C5]isoprene. The
PTR-MS was calibrated using 1 ppmv of isoprene gas standard (ozone
precursors, Restek) diluted in humidified zero air to six concentrations be-
tween 0 and 10.5 nL L–1 (ppbv). The PTR-MS sensitivity to [13C1–5]isoprene
(m/z 70–74) was assumed to be identical to that measured for [12C]isoprene
(74 counts s–1 ppbv–1).

Supplementary Data

The following materials are available in the online version of this article.

Supplemental Figure S1. GC-MS 13C-labeling analysis of isoprene emis-
sions from four mango leaves during photosynthesis under 13CO2 as a
function of PAR.
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