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Abstract

Isoprene and other plastidial isoprenoids are produced primarily from recently-assimilated
photosynthates via the 2-C-methyl-D-erythritol 4-phosphate pathway. However, when
environmental conditions limit photosynthesis, a fraction of carbon for MEP pathway can come
from extrachloroplastic sources. The flow of extrachloroplastic carbon depends on species, leaf
developmental and environmental conditions. The exchange of common phosphorylated
intermediates between the MEP pathway and other metabolic pathways can occur via plastidic
phosphate translocator. The C1 and C2 carbon intermediates can contribute to chloroplastic
metabolism, including photosynthesis and isoprenoid synthesis. Integration of these metabolic
processes provide an example of metabolic flexibility, and results in the synthesis of primary
metabolites for plant growth and secondary metabolites for plant defense, allowing effective use of
environmental resources under multiple stresses.
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The availability of carbon sources used for plastidic MEP pathway flux with
emphasis on isoprene

Among the more than 1700 volatile organic compounds (VOC) already identified, isoprene
is the most abundant species emitted by plants [1-3]. It is estimated that the annual global
emissions of isoprene from land vegetation ranges from 440 to 660 Tg C year! [3,4]. Due to
its high reactivity to major tropospheric oxidants, isoprene can impact air chemistry and
climate by affecting the concentrations of carbon monoxide and ozone, among other
oxidants, and by prolonging the lifespan of methane. Isoprene reactions also contribute
strongly to the formation of secondary organic aerosols, thereby further altering the climate
[5,6]. From ecological and evolutionary perspectives, isoprene and other volatile plastidial
isoprenoids play important biological functions, including biotic and abiotic stress protection
[2,7,8].

Plant isoprene emission was discovered six decades ago [9], and since then, significant
advances have been made concerning the biosynthetic processes and the emission rate of
isoprene [10]. Despite progress in understanding the regulatory mechanisms of the MEP
pathway [11], current knowledge of the interplay between the synthesis and emission of
isoprene and other cellular processes remains rather limited. Moreover, the integrated
coordination and metabolite trafficking between cell compartments, and consequently, the
use of different metabolite sources and photosynthetic energy for plastidial volatile
isoprenoids synthesis is controversial. While the regulatory controls driving these processes
are not yet fully elucidated, these processes provide an elegant example of flexible metabolic
processes which respond to the carbon and energy needs of the plant through short- and
long-term variations in environmental conditions. Understanding of the different regulatory
mechanisms involved in controlling MEP pathway carbon contributions is critical to place
biological and environmental observations in a proper context [12-14].

Isoprene is formed in the chloroplasts by isoprene synthase from its immediate precur sor,
dimethylallyl diphosphate (DM ADP, see Glossary). In the chloroplasts, both DMADP and
isopentenyl diphosphate (I DP) are generated by the methylerythritol phosphate (MEP)
pathway from pyruvate and glyceraldehyde 3-phosphate (G3-P) [15,16] (Figure 1). The
pathway is also responsible for the synthesis of a range of key plastidic isoprenoids
including phytohormones (gibberellin, cytokinin, abscisic acid, strigolactones); chloroplastic
pigments (side chains of chlorophylls and carotenoids); electron carriers (side chain of
plastoquinone); tocopherols and phylloquinone [17-19]. In addition, the MEP pathway
supports the synthesis of important secondary metabolites, including the Cg hemiterpenes
(isoprene and methylbutenol); many C,¢ monoterpenes (e.g. limonene, terpinolene,
myrcene, a- and B-pinene, ocimene); and some Cyq diterpenes [16,20-22]. DMADP and
IDP are also produced by the cytosolic mevalonate (MVA) pathway, where they are used for
synthesis of brassinosteroids, sterols, dolichols, ubiquinone, triterpenes (squalene) and
sesquiterpenes (farnesene, caryophyllene, sesquiphellandrene, nerolidol) [15,19,21,22].
Considering the huge diversity, and a large carbon flux going into isoprenoid synthesis,

Trends Plant Sci. Author manuscript; available in PMC 2019 June 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

de Souza et al.

Page 3

isoprenoid production consumes a significant fraction of photosynthetic carbon and energy,
and thus, could potentially compete with the primary metabolism [23,24].

Photosynthesis is the principal carbon and energy source for isoprene synthesis [25]. Light-
dependent isoprene emission is related to electron transport rate [26,27], triose phosphates,
ATP and NADPH levels, and to the flux and proportion of intermediates passing through the
MEP pathway [24,25,28]. Under non-stressed conditions, 13CO,-feeding experiments have
demonstrated that approximately 90% of the carbon atoms emitted as isoprene will be
rapidly labelled by 13C [29-32], most likely from the recently assimilated carbon
incorporated in molecules of triose phosphates. However, under non-photorespiratory
conditions, a persistent emission of [12CJisoprene is seen during the 13CO,-labelling
experiment, indicating that even under non-stressed conditions, the carbon sources available
for isoprene synthesis can be derived from different cellular precursors [33].This same report
shows that, even after the transfer of leaves to 12CO, in the light, the 13C-labelling of one
carbon atom remains for several hours and this effect is more pronounced in fosmidomycin-
fed leaves [33]. The persistence of [13C;]isoprene emissions upon return to normal 12CO,
suggests that extrachloroplastic carbon sources consist of carbon species, presumably stored
carbohydrates, with a slower turnover and 13C-labelled species derived from recently
assimilated photosynthate exported from chloroplasts. The fraction of unlabelled carbon in
isoprene emission is typically greater when environmental conditions (e.g., high
temperatures, drought stress [34,35] and low CO, concentrations [36] are limiting
photosynthesis [37], suggesting that non-recently-assimilated, so-called “alternative carbon
sources’ can be mobilized for isoprene synthesis especially under such conditions
[29,30,37]. Furthermore, the fraction of unlabelled carbon can vary with species [29], leaf-
developmental stage (see Box 2 for further discussion) [30] and it can also vary among
different classes of isoprenoids, e.g., among non-oxygenated monoterpenes S-pinene,
myrcene and (£)-B-ocimene, and oxygenated compounds linalool and 3-methyl-3-buten-1-
ol; and sesquiterpenes (£)-g-farnesene, a-farnesene, among others [38,39].The alternative
carbon sources can arise from multiple origins, including chloroplastic ones such as starch
breakdown [33], the chloroplastic pyruvate pool [29,36], and deoxyxylulose phosphate
molecules derived from the pentose pathway [40]; and extra-chloroplastic ones such as
xylem-transported carbohydrates [37,41,42] and possibly also from the cytosolic
phosphoenokyruvate (PEP) pool [43-46]. Additionally, it has been suggested that re-
fixation of CO, released by mitochondrial respiration and/or photo-respiratory processes can
provide carbon substrates for MEP pathway [30,47-49] (Figure 1).

Interestingly, a lack of complete labelling of the Calvin-Benson (CB) cycle intermediates in
13C0O,—feeding experiments has also been observed, with the non-labelled primary
photosynthate fraction typically being ca. 10% in non-stressed leaves [50]. Recently, a new
hypothesis was developed to explain this [51] which might, at least partly, explain the
incomplete 13C labelling of isoprene. This assumption is based on the activation of carbon
flux through the hypothesized glucose-6P (G6P) shunt around the CB cycle from pools of
glucose phosphate (Figure 1). It has been proposed that this alternative carbon flow is
responsible for the lack of complete labelling of the CB intermediates metabolite when the
leaves are exposed to 13C-labelled CO,. Specifically, it was suggested that the presence of a
high G6P pool can increase carbon fluxes through the G6P shunt. The G6P/Frutose-6P
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(F6P) ratio can be regulated by the activity of the phosphoglucoisomerase (PGI), which
responds to the phosphoglycerate (PGA) concentration in chloroplasts. The PGA is a
negative allosteric effector of PGI: high PGA levels limit the production of G6P from F6P,
while simultaneously stimulating starch synthesis. In contrast, when PGA is low, PGI
activity is high, increasing the pools of G6P in chloroplasts. Thus, it is possible that under
conditions that restrict photosynthesis (e.g., low [CO5], water deficit and high temperature) -
which are conditions that generally lead to the accumulation of G6P - the activation of the
G6P shunt from the pools of glucose phosphate results in an increased pool of non-labelled
carbon flowing into the MEP pathway and thus into isoprene molecules. This is further
supported by the higher rate of starch degradation under photorespiratory conditions, which
results in a glucose phosphate pool that can feed into the G6P shunt and subsequently could
improve the precursor availability for MEP pathway [52,53].

Even after decades of intense research on the biochemical and physiological mechanisms of
isoprene emission, several key issues have not been fully elucidated: (1) the evolutionary
controls on isoprene emission across plant genera [27,54,55]; (2) the mechanistic processes
by which isoprene exerts its protective effect [56] and (3) the control mechanisms associated
with the availability of reducing power and carbon skeletons used for isoprene synthesis
[27,28,30,48,57]. Here, we shall focus on the last question by highlighting recent evidence
concerning control and regulation of metabolic exchange between the MEP and other
biosynthetic pathways, as well as the relationship between isoprene synthesis and leaf
energetic status.

The implications of carbohydrate metabolism on patterns of isoprene

synthesis and emission

The close relationship between photosynthesis and carbon flux through the MEP pathway
means that the mechanisms of photosynthetic regulation are key factors in controlling
carbon and energy allocation for isoprene biosynthesis [27,41,58]. There is evidence that the
isoprene emission rate correlates with both primary photosynthetic metabolite content as
well as with photosynthetic energy supply, but it has been difficult to tease apart the
proportional importance because energy supply and photosynthetic metabolite
concentrations are also correlated. Under light-saturated conditions, higher isoprene
emission rates are correlated with higher starch, triose phosphate and sucrose contents, in
addition to the increased availability of both ATP and NADPH [41,58,59]. During the day,
variations in VOC emissions and the synthesis of plastidic terpenoids have been explained
by changes in the availability of precursors [41,58,60]. In particular, flux through the MEP
pathway is accelerated in the light period, mostly due to the photosynthesis-dependent
supply of sugars and energy [25,59]. Indeed, diurnal variations in triose phosphate pools are
highly correlated with the levels of intermediates of the MEP pathway [25], but triose
phosphate concentrations are also correlated with PEP and pyruvate concentrations [58].

Besides fluctuations in partitioning of photoassimilates and energy flow levels [60,61], there
is evidence that some diurnal variability involves circadian clock dependent regulation [25].
The circadian regulation of isoprene synthesis is linked with rhythmic variations in gene
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expression, protein amount, and enzyme activity of the MEP pathway [59,62,63], but also
with non-circadian-clock regulated fluctuations in partitioning of photoassimilates and
energy flow levels [60,61,64].

The above observations suggest that isoprene synthesis can be responsive to changes in
plastidic carbohydrate availability and that the DMADP pool size is limited by levels of
energetic products generated in photosynthesis [27,57,65,66]. Indeed, the fraction of
assimilated carbon lost as isoprene increases with leaf energetic status [67,68]. Changes in
isoprene emission can also co-vary with other, more effective energy quenching pathways,
including the M ehler reaction, xanthophyll cycle, and some energy sink processes such as
photorespiration and nitrate reduction [65,69-71].

Apart from direct controls, experimental and theoretical analyses suggest a possible indirect
integration of isoprene synthesis with carbohydrate metabolism [24,25,33,37,42,58]. The
carbohydrate-mediated regulation of isoprenoid precursor production in plants seems to
involve the differential regulation of gene expression and enzyme activity, as well as the
production of precursors [72—75]. The integrated regulation between MEP-derived
isoprenoid production and carbohydrate metabolism is supported by the identification and
characterization of an Arabidopsis thaliana PRL1-deficient (Pleiotropic Regulatory Locus 1)
mutant [73]. This gene encodes a conserved WD-protein that functions as a regulator of
members of the SnRK1 (sucrose non-fermentingl-related protein kinase) family. These
protein kinases are involved in the modulation of sugar and starch levels in leaves [76] and
modulation of the activity of other important metabolic enzymes, including the central
enzyme of the cytosolic MVA pathway, hydroxymethylglutaryl-CoA reductase (HMGR)
[73,77]. The mutation of the pr/Igene resulted in enhanced availability of MEP pathway
substrates, with a concomitant increase in the levels of plastidic isoprenoid pigments.
Similar results were also found in Arabidopsis wild-type plants growing in a medium
supplemented with sucrose [72,73]. It can be deduced from such reports that the loss of
function of pr/Imight result in increased sugar levels and redirection to the production of
chloroplastic pigments via the MEP pathway. Additionally, reductions in carotenoids and
pigments observed in sucrose-limited conditions have been associated with a decrease in the
hexose pool and changes in gene expression and activity of the enzyme phytoene synthase
[72].

Cross-talk between the MVA and MEP pathways: carbon supplementation

for isoprene synthesis

The enzymes called prenyltransfer ases catalyse the sequential condensation of DMADP
with IDP (Figure 1) and yield the polyprenyl diphosphate precursors geranyl diphosphate
(GDP, Cqg), farnesyl diphosphate (FDP; C45), and geranylgeranyl diphosphate (GGDP, Cyg).
Although the MVA and MEP pathways operate in independent sub-cellular compartments in
plants, there is evidence that the some of these diphosphates can travel between the sub-
cellular compartments including cytosol, peroxisomes, mitochondria and chloroplast [21,78—
83], providing metabolic cross-talk and compensatory potential. Other studies have shown
that enzymes and isoprenoid precursors that have been commonly thought to be confined to
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either MEP or MVA pathway and thus located either only in the chloroplasts or in the
cytosol, can be targeted to other subcellular compartments [81,83,84]. For example, there is
evidence that FDP (classically thought to be confined to cytosol) can be synthetized in the
chloroplasts or transported to chloroplasts in some species [81]. Also, the cytosolic and
mitochondrial localization of GGDP has been confirmed in A. thaliana and pea (Pisum
sativum) chloroplasts [85]. Moreover, some results suggest that plastidic GDP can be
exported to the cytosol and promote the synthesis of monoterpenes via the action of
cytosolic bifunctional sesquiterpene/monoterpene synthases [82,86]. This evidence
collectively indicates the possibility that chloroplastic isoprene synthesis may rely on
substrates originating from multiple subcellular compartments.

Feeding experiments using labelled intermediates of MEP pathway or cytosolic MVA
pathway have been useful in the quantitative assessment of metabolic flux through either of
the pathways. Continuous feeding with isotope-labelled [2-13C] MVA to intact cotton
seedlings resulted in approximately 50% of the labelled precursors of monoterpenes, 40% of
the phytol chain of chlorophyll and 50% of pB-carotene; all of which are compounds typically
and exclusively associated with the MEP pathway [21]. With respect to cytosolic isoprenoid
products generally related to the MVA pathway, plants fed with the isotope-labelled MEP
precursor, [5,5-2H,] deoxy-D-xylulose (DX) resulted in approximately 33% of labelled
precursors for the synthesis of sesquiterpenes, 50% of the Co5 heliocidic terpenoid
aldehydes and approximately 20% of sitosterol molecules [21]. Other representative
examples of this cross-talk come through the incorporation of [2-13C] MVA into
plastoquinone, and [5-2H] mevalonate or [5,5-2H,] DX labelling into dolichols [87]. These
observations demonstrate the active participation of both pathways in biosynthesis of
cytoplasmic and plastid isoprenoids compounds of plants.

Cross-talk between the MEP and cytosolic MVA pathways has been directly proven by
experiments using pathway-selective inhibitors [75,87-89]. Application of fosmidomycin
results in a strong reduction in isoprene emission rate, and this reduction is associated with
an almost complete depletion of the DMADP pool (Figure 1). However, full inhibition of
isoprene emission, as well as the decrease in pools of ME-cDP, has not been demonstrated
even after continued fosmidomycin feeding for more than 1 h [88,90]. Furthermore, the
residual isoprene emissions of leaves previously fed with fosmidomycin were not by 13C
and the level of the incomplete labelling of isoprene was associated with the fraction of re-
fixed respiratory CO,[30]. Together, these observations suggest the presence of substantial
intermediate supply from the cytosol. The incorporation studies with [1,1,1,4-2H,4]DX have
showed that cytoplasmic isoprenoids, in the presence of lovastatin (a specific inhibitor of 3-
hydroxy-3-methylglutaryl-CoA, see Figure 1) can be synthesized from MEP pathway[89].
In addition, the use of lovastatin or fosmidomycin[a specific inhibitor of 1-deoxy-D-xylulose
5-phosphate (DXP) reductoisomerase (DXR)] has resulted in a decrease in the formation of
cytosol-synthesized dolichols [87]. This evidence further supports the hypothesis of a
possible trafficking of intermediates between the MVA and MEP pathway, as well as
concomitant regulation of both pathways in the biosynthesis of plastid and cytoplasmic
isoprenoids in plants.
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Bisphosphonates, which inhibit prenyltransferase reactions, have also been used to examine
the MEP pathway flux and intermediate exchange [88,91]. Interestingly, bisphosphonate-
inhibited leaves had increased levels of ME-cDP as well as the immediate isoprene substrate
DMADRP or IDP [88]. Accumulation of Cg prenyl phosphates can reduce the carbon input
into the MEP pathway through negative feedback inhibition of the activity of 1-deoxy-D-
xylulose 5-phosphate synthase (DXS) by IDP and DMADP [88,92]. Interestingly,
simultaneous feeding of bisphosphonate inhibitors and fosmidomycin resulted in major
differences in the isoprene emission rate and accumulation of isoprenoid precursors when
compared to fosmidomycin-only-inhibited leaves [88]. In fosmidomycin-inhibited leaves,
the depletion of DMADP pool is due to limited input and overall reduction of MEP-
intermediates to DMADP. However, the application of bisphosphonate inhibitors to
fosmidomycin-inhibited leaves resulted in a large increase in ME-cDP and a greater
DMADRP pool and isoprene emission rate, which suggests that the transport of intermediates
from the cytosol occurs when Cg prenyl phosphates accumulate [88].The inhibition of the
MVA pathway by lovastatin has been observed within 48 hours of application, but,
surprisingly, inhibition of the cytosolic pathway led to an increase in production, or perhaps
reduced catabolism, of chloroplast-synthesized photosynthetic pigments (carotenoids and
chlorophyll) [79].This suggests a possible indirect effect on metabolite supply to the MEP
pathway as a result of the blockage, which may be linked to its operating at the level of
metabolites prior to HMGR. Additionally, in fosmidomycin-treated plants, a dramatic
reduction in chlorophyll and carotenoids levels can be observed within 48 hours of
application, along with an increase in the levels of sterols in the cytosol [79]. Also, 96 hours
after the addition of lovastatin, the cytosolic and chloroplastic levels of metabolites were
significantly lower in fosmidomycin-treated leaves than in the control samples. This might
indicate that the compensation for metabolic imbalance favors cytosolic isoprenoid
biosynthesis [78]. Regardless, these results provide additional evidence that a metabolic
compensation can happen through the flux of metabolic intermediates between the
pathways. Thus, the cross-talk between pathways might act as a major factor for fine-tuning
the carbon flux to maintain the synthesis of vital isoprenoids under conditions of both end
product accumulation and feedback inhibition. However, the extent and the exact identities
of the transported phosphorylated intermediates have not yet been fully elucidated.

Exchange of common intermediates between the MEP pathway and other

metabolic pathways

ME-cDP is an immediate precursor to the final two energy-dependent reactions of the MEP
pathway (catalysed by ferredoxin-dependent (iron-sulphur cluster) reductases; (Figures 1
and 2). The use of DXS overexpression mutants or inhibitors of the MEP pathway has
revealed an accumulation of ME-cDP when either the flux through the MEP pathway
increases [92] or as a response to decreases in the activity of the enzymes downstream of
DMADRP [88]. ME-cDP can also accumulate under certain types of stress (for example;
pathogen attack or oxidative stress) [90,93] which leads to the efflux of this metabolite to the
cytosol [90]. In fact, previous studies have indicated that ME-cDP can act as a retrograde
signal in order to initiate transcription of stress response genes in the nucleus [93,94], and
this can only occur if ME-cDP is capable of travelling across the chloroplast envelope [90].
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Indeed, a slow efflux of ME-cDP from plastids has been demonstrated as a plastid-to-
nucleus retrograde signaling metabolite that induces expression of nuclear stress-response
gene [90,92] (Figure 2). This statement is confirmed by strong correlation between
accumulation of ME-cDP content and levels of salicylic acid and expression levels of
hydroperoxide lyase (HPL; a stress-inducible nuclear gene encoding a plastid-localized HPL
branch of the oxylipin pathway) [93], however, exactly how the pool of ME-cDP could be
mobilized from the MEP pathway is currently unknown.

In fosmidomycin-treated plants of A. thaliana, the reduction of hydroxymethylbutenyl
diphosphate synthase activity (HDS, the enzyme that encodes the penultimate enzyme of the
plastid-localized MEP pathway, Figure 1) led to accumulation of ME-cDP in the HDS-
deficient mutant (/ds-3 mutant) when compared to wild type plants [90]. This effect was
similar to the changes in ME-cDP pool size in fosmidomycin/bisphosphonate treatment in
hybrid aspen (see above and [88] for a detailed discussion). Despite the accumulation of
ME-cDP, in fosmidomycin-inhibited plants, the 13C incorporation into ME-cDP in /ds-3
plants is only 25% compared to 70% in wild type plants [90]. Similarly, 13CO,-labelling of
ME-cDP in the DXS-upregulation lines is significantly lower than in the wild-type

[92] These facts suggest an alternative pool of ME-cDP different from the MEP pathway.
This hypothesis is supported by an observed residual pool of ME-cDP following dark
treatment, and a build-up of ME-cDP due to downregulation of activity of MEP pathway
enzymes [88,90]. However, it is generally regarded that phosphorylated intermediates such
as ME-cDP are not readily taken up by chloroplasts; thus, a cytosolic flux of non-
phosphorylated pentose intermediates into chloroplasts, followed by their conversion into
ME-cDP might be responsible for the alternative a substrate for MEP pathway [12,40]
(Figure 2).

Analysis of leaves from plants grown under nutrient deprivation or subject to other stresses,
such as root oxidative stress, root wounding or biotic stress, revealed a close relationship
between the levels of MEP intermediates, e.g., DXP, ME-cDP and HMBDP, and the
production of hemiterpene glycosides [95,96]. In addition, significant increases in the levels
of hemiterpene glycosides were found in fosmidomycin-treated /ds-3 mutant plants
compared to untreated wild type and no 13C label was detected at these metabolites during
labeling experiments. Previous results suggest that under conditions that restrict the MEP
pathway activity, the ME-cDP or HMBDP can be exported out of the plastid and then
converted to hemiterpene glycosides in cytosol [95,96]. Due to the lack of a specific carrier
capable of transporting these phosphorylated intermediates through the chloroplast
membrane, it is likely that a dephosphorylation occurs within the chloroplasts and the
glycosylation in the cytosol [96]. In addition, experimental evidence has shown that the
accumulation of ME-cDP in plastids can elicit stress-signaling pathway, including changes
in nuclear gene expression linked to plant defense signaling [90,93]. However, the exact
nature of the signaling mechanisms coupled to ME-cDP content and gene expression as well
as the mode of transport of this plastid metabolite still need to be elucidated.

Apart from ME-cDP, there is conclusive evidence of a certain bidirectional exchange of
intermediates between cytosolic and plastidic isoprenoid biosynthetic pathways [78,80,97].
In particular, a plastidic membrane transporter involved in the export of phosphorylated

Trends Plant Sci. Author manuscript; available in PMC 2019 June 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

de Souza et al.

Page 9

intermediates of isoprenoid synthesis has been characterized [78]. This transporter
efficiently carries IDP and GDP, but lower transport rates were observed for the substrates
FDP and DMADP [78,80]. However, the way this transporter operates is not fully clear. The
transport of IDP seems to occur via a proton symport mechanism driven by transmembrane
pH gradient and membrane potential, and the transport rate is regulated by Ca%*
concentration [78,80]. It was further demonstrated that the transport mechanisms are
different from those of the known plastidic phosphate translocator family (PT) [80,97].
The transport does not appear to be antiport in exchange of other phosphorylated compounds
(e.g., inorganic phosphate) at the other side of the membrane [78]. Nevertheless, transport of
IDP is strongly dependent on the presence of inorganic phosphate or small phosphorylated
molecules on the opposite side of the membrane. These compounds appear to have positive
control over unidirectional transport of IDP, rather than acting as substrates for an antiport
exchange mechanism [80].

The cytosolic flux of pentose phosphate or its formation from the plastidic pentose
phosphate pathway might represent an important entry point for the MEP pathway at DXP
level (Figure 2). Experimental evidence has demonstrated that DXP can be synthesized in
the cytosol from xylulose 5-phosphate (XU5P) (intermediate of the cytosolic oxidative
pentose phosphate pathway) or from 1-deoxy-D-xylulose (DX), and then transported into
plastid [12,40]. Identification of D-xylulose kinase (XK) in plants, an enzyme capable of
phosphorylating exogenous D-xylulose to make 2C-methyl-D-erythritol 4-phosphate (MEP),
has led to suggestions that MEP could be potentially formed in the cytosol [40]. In the
presence of ATP as a co-substrate, XK is also able to catalyse the conversion of DX into
DXP, however, with lower substrate affinity than for D-xylulose [40]. Such a
phosphorylation of DX or D-xylulose in the cytosol and subsequent import into chloroplast
by a transporter suggests that these substrates may be responsible for the build-up of ME-
cDP in response to increases in flux through the MEP pathway or due to downregulation of
activity of MEP pathway enzymes as mentioned above.

The MEP pathway includes several phosphorylated intermediates that could be transported
by members of the plastidic phosphate translocator family across chloroplast membrane. A
plastidic transporter for the pentose phosphate pathway, the xylulose 5-phosphate (XPT)
carrier, has been identified; it belongs to the family of PT [97]. This translocator is able to
transport and exchange with inorganic phosphate or triose phosphate, xylulose 5-phosphate
(XU5P), DXP or DX and, to a lesser extent, ribulose 5-phosphate [98]. The transport of
DXP may also be mediated, to a minor extent, by carriers such as the G6P/phosphate (GPT),
triose phosphate/phosphate (TPT) and PEP/phosphate (PPT) transporters (Figure 2) [80].
Some observations suggest that cytosolic DX, XK or DXP can be phosphorylated and/or
subsequently translocated to chloroplasts by the XPT carrier and subsequently enter the
MEP pathway. Exogenous application of DX in the DXS mutant ¢/aZ-1 resulted in recovery
of normal chloroplast development and mesophyll tissue formation [99]. A further argument
supporting the transport of pentose intermediate into MEP pathway is given by the
application of [1,1,1,4-2H4]DX to the tobacco Bright Yellow-2 (TBY-2) cells and labelling
of all isoprenoid units in the prenyl side chain of plastoquinone and phytoene [89]. Further,
feeding experiments with dideuterated deoxyxylulose (DOX-d,) caused the emitted isoprene
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to become rapidly labelled with deuterium, and the rate of emission of isoprene-d, was
correlated with the DMADP-d, pool measured in the leaf, but labelling of isoprene was less
pronounced when the leaves were transferred to higher temperatures. Interestingly, the
growth inhibition by lovastatin is partially overcome by the supply of DX [89], suggesting a
possible bidirectional exchange of pentose intermediates between the MVA and MEP
pathway mediated by XPT carrier [80].

An alternative possibility might be the conversion of these Cs precursors into DMADP/IDP,
followed by transportation into chloroplasts by plastidic IDP carriers [80]. This hypothesis is
supported by incorporation of [4-2H]DX in the isoprenoid units derived from DMADP, as
well as from IDP. However, the cross-talk between isoprenoid synthesis pathways at
DMADP/IDP level typically involves relatively long time periods [100], while the
production of MEP pathway intermediates requires higher carbon fluxes in isoprene-
emitting species [101]. Therefore, the DMADP cannot be imported by chloroplast at rates
that are significant for isoprene biosynthesis. Thus, one may speculate that pentose
intermediates can be phosphorylated inside the chloroplasts and thereby increase the pool
size of MEP pathway metabolites upstream of DMADP. These results further underscore the
significant exchange of phosphorylated metabolites between the cytosol and chloroplast,
however, the biosynthetic origin and transport characteristics of these carbon sources to
isoprenoids in plant cells require further research.

Linking sources of internal CO, release, C,;pathway and isoprene emission

The feeding of 13CO, via the xylem has indicated that a large amount of internal CO, can be
transported from the roots to the canopy via the transpiration stream [102]. Based on efflux
of 13C relative to label uptake, it was estimated that up to 17% of 13C label provided at the
base of the stem was assimilated in photosynthetic tissues [102]. In plants incubated with
gaseous 14C-labelled formaldehyde, about 20-25% of the total 14C label was recovered from
the plants, mainly from the leaves [103]. Sucrose, glucose and fructose were the main 14C-
labelled metabolites found in the leaves. The formaldehyde metabolism is linked to the
photosynthetic metabolism via CO, re-assimilation in the CB cycle [104,105]; 14C labelling
among sugars via primary photosynthetic products suggests that light-dependent
formaldehyde assimilation in the CB cycle may be responsible. This hypothesis is supported
by the high activity of formaldehyde dehydrogenase and formate dehydrogenase enzyme
(enzymes responsible for the two-step oxidation of formaldehyde to CO5) in plants fed with
formaldehyde.

Temperature-dependent incorporation of 13C from xylem-fed glucose (presumably from the
CO, moiety derived from degradation products), and intermediates from the C4 (e.g.
methanol and formaldehyde; discussed below) and C, pathway (Box 1) into isoprene
suggests that these intermediates can provide an alternative carbon source for isoprene
synthesis (Figure 1) [42,46,106]. Above the temperature optimum for photosynthesis (35-37
°C), the transport of carbon to leaves from transpiration stream increased and the
incorporation of 13C into isoprene was maximal [42]. The largest detected incorporation of
13C label was observed in only single (mass 70) and double (mass 71) 13C-labelled isoprene.
The single or double labelling of isoprene may reflect the availability of different carbon
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sources for isoprene biosynthesis; e.g., re-assimilation of 13CO, release from intercellular
decarboxylation process or transport of carbohydrates into leaves via xylem sap or cytosolic
flux of intermediate into plastids as pyruvate or PEP; Figures 1 and 2 [41,42,46,48,106,107].

It has been suggested that the internal recycling of CO,, released by several decarboxylation
processes, e.g., respiration, photorespiration, pentose phosphate pathway, glycolate cycle,
among other metabolic processes, might be redirected to synthesis and emission of isoprene
at conditions limiting to the photosynthesis. The internal recycling of CO5 is considered an
important mechanism that might improve the overall carbon budget and help the plants cope
with predicted increases in intensity and frequency of extreme events [108-110]. In C3
plants under low [CO»], the release of photorespired CO, represented 85-89% of total
decarboxylation reactions, while the release of respired CO, mitochondrial represented only
11-15% of total decarboxylation reactions [111]. Estimates of CO, re-fixation suggest that
intracellular re-assimilation in C3 plants ranges from 24% to 50% [109,112] or more than
80% of the photorespiratory rate [110]. The highest reassimilation rates result in increased
photosynthesis; the use of this mechanism is seen occurring across a number of species
[109,110,112]. Dynamic 13C-pulse-chase experiments under photorespiratory CO»
concentration have demonstrated that the recycling mechanisms in the CB cycle is also
linked to fluxes of C;intermediates metabolites [48,106]. Upon [2-13C] glycine feeding, the
emissions of both labelled [13C;_,]isoprene and 13CO, were strongly stimulated by increases
in leaf temperature at low CO, concentrations. By contrast, during 13CO labelling,
emissions of unlabeled [12C]isoprene were stimulated at temperatures above the optimum
for net photosynthesis [33]. Further, feeding leaves with 13C-enriched glucose under CO,-
free atmosphere, both isoprene and respiratory CO, are labeled by 13C coming from the
enriched glucose [113], and under drought stress conditions, a positive relationship between
isoprene emission rate and dark respiration has been observed [35]. Therefore, it is
reasonable to postulate that the internal transport and the re-assimilated products of internal
sources of CO, may be channeled to the reactions of the MEP pathway, at least partially
supporting the synthesis of isoprene, especially under conditions that impair photosynthetic
processes [30,46,48,106].

A strong incorporation of the 13C-isoprene label was also found in branches fed with 13C-
methanol (up to 12% emitted as [13C;]isoprene), 13C-formate (up to 38.5% emitted as
[13C4]isoprene) and13C-formaldehyde (up to 23.8% emitted as [13C4]isoprene). During the
labelling experiments, emission rates of [13C;]isoprene were positively correlated with the
percentage of 13CO, under all [13C]-labelled C; intermediates, suggesting that the re-
assimilation of C4 units and internal carbon pools in the CB cycle can provide an alternative
carbon source for MEP pathway. C; compounds, such as methanol, formaldehyde and
formate, are involved in the photosynthetic process through conversion of these compounds
to CO, and its re-assimilation in the CB cycle [104,105]. The relationship between Cq
metabolism and photosynthetic processes is corroborated by the identification of the enzyme
formate dehydrogenase within the chloroplasts [104], where its activity appears to be
stimulated in the presence of Cq metabolites. It is believed that formaldehyde could be
oxidized to formate, first and subsequently consumed by formate dehydrogenase within
chloroplasts. Thus, these results suggest that isoprene biosynthesis may be linked to Cq
pathways via reassimilation of CO, release in plants cells.
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Partitioning carbon and energy under the influence of CO, and temperature

A further new hypothesis has been used to explain the CO, suppression effect on isoprene
emissions is based in the triose phosphate use (TPU) limitation of photosynthesis [131]. At
higher CO, concentration, photosynthesis can be also feedback-limited by decrease of
plastidial Pi pool which is determined by the restriction in triose phosphate utilization in
end-product synthesis downstream of the light-dependent photosynthetic reactions [132]. It
has been suggested that decrease of the stromal Pi pool cannot only not limit the ATP
synthesis but, compromise the exchange of intermediates between the cytosol and
chloroplast via antiporter translocator [97]. The suppression of the isoprene emission rate by
elevated CO» has also been proposed to be a result of a limited supply of the cytosolic PEP
into chloroplast as result of a decrease of the stromal Pi pool, which might compromise the
exchange of PEP between the cytosol and chloroplasts via the antiporter PEP/Pi translocator
[107,131] (Figure 2). On one hand, the suppression of isoprene emission has also been
observed even in Pi-enriched leaves at high CO, conditions [133,134] combined with the
apparent enhanced levels of pyruvate and decline of ADP levels. In the short term, the
limitation of photosynthesis by the restriction of triose phosphate use (situation in which the
stromal Pi pool drops), the flow of extrachloroplastic carbon may be changed, but until the
restriction of triose phosphate use occurs, the yield of sugar phosphates from the chloroplast
will equal the amount of PEP entering the chloroplast. However, it is possible that long-term
effects of environmental factors may result in changes in P; allocation within the plant and
thus modify the relationship between photosynthetic mechanisms and the synthesis of
isoprene [133]. It has been confirmed that these changes in the intracellular Pi
concentrations can affect the balance in the synthesis of starch, sucrose, protein, and
chlorophyll content, as well as transport of intermediate metabolites across cell membranes
[97,132,135].

A strong negative correlation between isoprene emission rate and PEP carboxylase activity
[43,44], combined with a large decrease in leaf DMADP content in elevated CO,
experiments has been observed [57,136]. This inverse relationship between isoprene
emission rate and activity of PEP carboxylase has also been observed in a number of
experiments, e.g. in drought-stress treatments, and in a free air CO, enrichment experiment
(FACE), through changes in O3, light, temperature [46,137]. Application of a PEP
carboxylase inhibitor in excised leaves of Populus deltoides resulted in an increase in the
isoprene emission rate and leaf DMADP content [44], supporting the hypothesis that
isoprene emission responds to cytosolic PEP availability. However, this result has not been
confirmed in subsequent studies, and the PEP limitation hypothesis is also not consistent
with other evidence [28,36,66,131,138]. In particular, the specific inhibition of PEP
carboxylase by e.g. malate, diethyloxaloacetate (DOA), or 3,3-dichloro-2-
(dihydroxyphosphinoylmethyl)-propeonate (DCDP), can also reduce photosynthetic activity
in both C3 and Cy4 species [44,66]. It has been recently observed that both isoprene emission
rate and DMADP pool size decrease in malate-fed leaves at either ambient or elevated CO»
[66]. In contrast, the so-called ‘dark pool’ of MEP pathway intermediates (thought to be
provided by ME-cDP [139]) was much greater in malate-inhibited leaves [66]. Inhibition of
PEP carboxylase by DOA resulted in rise of leaf PEP, but did not reverse the inhibition of
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isoprene by high CO,. This result is inconsistent with the PEP control theory, whereby the
inhibition of PEP carboxylase increases isoprene emission due to greater availability of PEP.
Given that malate feeding suppresses both photosynthetic processes and isoprene emission
in parallel, it is suggested that suppression under high CO> is due to decreased availability of
reductive equivalents and energy [57]. Indeed, reductions in isoprene emission rate and
DMADRP pool size were correlated to the observed feedback inhibition on electron transport
upon malate feeding [66]. This evidence implies that isoprene emission may not only be
limited by supply of PEP/pyruvate from cytosol, but also by ATP and NADPH availability.

The sensitivity of isoprene emission to high CO» is reduced or absent as leaf temperature
increases [67,138,140,141]. This is due to the fact that, at high temperatures and with high
COy, the electron transport rate is higher than with normal CO, and at low temperatures. The
maximum temperature for photosynthetic electron transport increases with CO» levels, and
this might result in a higher supply of energy for isoprene synthesis; this occurs together
with increased catalytic activity of isoprene synthase in response to the increase in
temperature [141]. However, as the temperature rises above the thermal optimum for
photosynthesis, availability of photosynthate for the MEP pathway may decrease [142]. It is
also suggested that the lack or loss of the CO, sensitivity in isoprene emission at higher
temperatures is not compatible with the hypothesis of limited transport of PEP to
chloroplasts by the PEP/P; translocator [67]. As temperature increases, an enhanced PEP
carboxylase activity is expected, further reducing the cytosolic PEP pool. In addition, the
increased temperature stimulates sucrose synthesis, which enhances carbon influx to the
cytosol - this might relieve the P;-limited rates of CO, assimilation [143]. Thus, increased
carbon export in order to meet the high sucrose production rates results in a continuous
recycling of P; to the chloroplast and increases both PEP/P; transporter activity and ATP
formation (Figure 3c,d). In fact, ATP limitation increases with increasing internal [CO,], but
under elevated temperatures, this limitation is rather low [144]. Accordingly, the suppression
of isoprene emission is reduced as temperature increases at elevated [CO5] and it may be
associated with higher turnover rate of sugar-phosphate and the continuous recycling of P; to
the chloroplast. This effect may result in increased formation and supplementation of
energetic cofactors for the reducing equivalent-dependent regulation of MEP enzyme
activity, thus sustaining the production of DMADP [145].

The optimal temperature threshold of leaf physiological status coupled with other strong
environmental drivers (e.g. water deficit) can determine the extent of the CO, suppression of
isoprene synthesis. A species best adapted to physiologically high temperatures, subjected to
rising [CO5], can increase its tolerance or even the potential for stimulation of
photosynthetic processes [146]. Improved function of light reactions in parallel with increase
in demand for ATP and NADPH by the reactions of the CB cycle can reduce the share of
photosynthetic electron flow going to isoprene synthesis [57,68]. It is well known that the
strong effect of temperature MEP pathway enzymes and especially isoprene synthase, can
counterbalance the suppressive effects of CO, [141]. However, MEP pathway enzymes
exhibit slight differences in temperature dependency as well as different affinities for their
respective substrates and cofactors [15,147]. In the case of extreme stress, impaired
availability of cofactors can inhibit MEP pathway flux, resulting in an accumulation of MEP
pathway intermediates (e.g. ME-cDP; [147]) and a decrease of carbon availability for
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isoprene production [24,147]. Consistent with this, under conditions that restrict
photosynthesis, the use of older (stored) carbon sources can supply the required substrates
for DMADP production [34]. Heat stress can trigger higher rates of sucrose and starch
turnover, and thus could counterbalance a possible competition for triose phosphate by
stimulating sucrose synthesis, as well as greater net release of P; from sugar-phosphates.
Long-term changes in isoprene emission in response to environmental factors can be linked
to both energy cofactor availability and involvement of stored carbon sources. On the other
hand, possible alternative routes for pyruvate synthesis inside the chloroplasts [148-151], or
pyruvate import from the cytosol via plastid Na*-coupled pyruvate transporter [152] can
provide substrates. In addition, cytosolic pyruvate can be reduced to malate, shuttled into
plastids through the malate valve [119,151,153], and converted again into pyruvate, where it
can be used as carbon source for isoprenoid formation (Figure 2).

Concluding Remarks and Future Prospects

We have highlighted advances in the knowledge of how carbon is allocated to isoprene and
other volatile isoprenoid production in the context of chloroplast and whole cell metabolism.
We reviewed the evidence suggesting that alternative, not recently-assimilated, carbon
sources can contribute to isoprene synthesis. The available evidence conclusively
demonstrates that the MEP pathway can operate on multiple carbon sources, provided that
photochemical reactions continue to supply ATP and reducing power to the MEP pathway.
Regardless of the relative proportion of these carbon sources, the substrate supply and
formation of isoprene are often maintained when the rate of photosynthesis is suppressed.
Among the alternative carbon sources, recent work suggests that a major part might result
from the activation of carbon flux through the glucose-6P shunt around the Calvin-Benson
cycle that depends on the existing pools of glucose phosphate. The relative contribution of
the alternative carbon sources is greater under photosynthesis-limiting conditions, and the
key question is what determines the share of these different carbon sources to the MEP
pathway.

The sensitivity of isoprene emission to atmospheric [CO5] and temperature varies among
species. Due to the close relationship between the MEP pathway and photosynthetic
processes, it is possible that the degree of sensitivity of emission rates in response to changes
in temperature and [CO5] is determined by the species capacity to maintain high pools of
MEP pathway intermediates and responsiveness of partial processes of photosynthesis to
atmospheric [CO,] and temperature. Furthermore, there are important interactive effects
among environmental drivers operating at different time scales, and the extent to which high
[CO,] can suppress the synthesis of isoprene can depend on the adaptation and acclimation
responses of some species to thermally contrasting environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1
Relationship between C, metabolism and isoprene emission

It has been suggested that the C, intermediates may contribute substantial carbon towards
the production of key intermediates within chloroplasts and therefore contribute to the
flux of carbon among different metabolic pathways [103,106]. Dynamic 13C-pulse chase
experiments have also shown that leaves, when fed [2-13CJemit13C-labelled
acetaldehyde, acetic acid, ethanol, isoprene and monoterpenes [114]. Additionally,
[*3C]isoprene emission was strongly correlated to [13C,]acetate and [13C,]glycine
intermediates under sub-ambient CO, concentration [106].

Acetic acid can be formed from the oxidation of acetaldehyde and its subsequent
activation to acetyl CoA inside the chloroplasts [115-117]. Once formed, acetic acid can
undergo multiple transformations within the chloroplast, including conversion of
glyoxylate and acetyl-coenzyme A (acetyl-CoA) into malate and CoA, catalysed by
malate synthase enzyme [118]. Once malate is formed, it may be transported into the
chloroplast and oxidized via plastid-localized NAD(P)-malic enzyme to pyruvate and
further to CO» [119]; a fraction of the resulting pyruvate or CO, released could be used
as a carbon source for isoprenoid formation (Figure 2). The slower incorporation of 13C
label into isoprene in [13C,]acetate-fed leaves led to speculation that this mechanism can
integrate the C, metabolism with MEP pathway via pyruvate production [106]. Previous
studies have demonstrated plastidic localization of the enzymes malate synthase,
aldehyde dehydrogenases and acetyl-CoA synthetase in vascular plants
[115,117,118,120]. The presence of these enzymes within the chloroplast could provide a
complete catabolic cycle in which C, intermediates (e.g. acetaldehyde and acetic acid)
can be recycled, with concomitant production of photosynthetic products like isoprenoid
molecules. In accordance with this idea, transgenic lines co-expressing both glycolate
oxidase and malate synthase within chloroplasts increased the levels of malate and
carbon assimilation [121]. However, the activities of these enzymes inside the chloroplast
are still uncertain, and it is unknown whether these mechanisms are widespread in plant
cells.

Interestingly, it has been proposed that acetaldehyde bursts following rapid light-to-dark
transition are mediated by DXS activity [34]. This hypothesis is based on the formation
of the first reaction product catalysed by DXS, namely hydroxyethyl thiamine
diphosphate; this same intermediate can be hydrolyzed to acetaldehyde by the action of
cytosolic or plastidial pyruvate decarboxylase (PDC). Further evidence of the role of
DXS as a potential source of acetaldehyde is supported by the observation of a higher
burst of acetaldehyde after switching off the light in isoprene-emitting than in non-
emitting species [34]. The accumulation of DMADP normally observed in non-emitting
species might reduce DXS activity and, consequently, contribute to decline in
acetaldehyde. Accordingly, the incorporation of 13CO, into isoprene and acetaldehyde
supports the hypothesis that both metabolites are produced from labelling pyruvate [122].
Given all this evidence, the emission of [*3C]isoprene upon the supplied [*3C,]
metabolite labelling suggests that these C, intermediates can undergo several reaction
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sequence steps in plant cells and this contributes either indirectly (via CO5
reassimilation) or directly (via substrate availability), or to a combination of both factors.
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Box 2
Age-dependent isoprene emission in leaves

In developing leaves, DMADP formation is limited and isoprene emission is constrained
[26]. In addition, only about 50% of the small amounts of isoprene produced are labelled
by 13C — a similar proportion to the labelled DMADP pool [30]. This suggests an
alternative source of DMADP for isoprene production in early leaf development. In this
stage of development, a relatively large amount of carbon is diverted to essential non-
volatile chloroplastic isoprenoids, which are needed for the assembly of the
photosynthetic apparatus [91]. Moreover, in the early stages of leaf development,
photosynthetic structures are not fully formed, further compromising the availability of
substrates and energy for isoprene synthesis [26,123].

Isoprene emission rates are also lower in older leaves, however, a larger DMADP pool
size and reduced isoprene synthase activity have also been observed in these older leaves
[26,91]. Accumulation of Cg building blocks is highest when the production of prenyl
diphosphate precursors exceeds consumption by downstream reactions [24,124].
Accordingly, a rise in the DMADP pool in old leaves can be linked to a reduction in
either prenyltransferase reactions or overall foliage physiological activity before
senescence is triggered. Leaf aging may result in a lower demand for synthesis of
essential isoprenoid compounds and a shift in substrate allocation towards volatile
isoprenoids [91]. The reduction of foliage physiological activity with leaf aging can lead
to enhanced formation of reactive oxygen species (ROS), and reduce carbon allocation
towards primary metabolites [125]. It has been suggested that a higher DMADP pool size
could be used to maintain a high isoprene emission rate and relieve oxidative damage
[26]. Additionally, it has been suggested that the excess of prenyl diphosphate groups not
used for the formation of essential isoprenoids may be reallocated for volatile isoprenoid
production as an evolutionary strategy to avoid wasting of sequestered phosphate in the
form of DMADP and IDP [19]. Therefore, it appears that differences in the isoprene
emission rate at different developmental stages can result from differences in
physiological maturation, availability of DMADP and enzymatic competition for
substrate by downstream prenyltransferase reactions [26,91,126,127].

Species capable of emitting isoprene or monoterpenes tend to emit either one or the
other; this pattern alters depending on leaf development [17,127] or when under attacks
from pathogens, or via wounding and abiotic stress factors. Monoterpenes are formed
from the prenyl diphosphate precursor GDP (Figure 1), which is itself made by
condensation of one IDP and one DMADP molecule. It has been postulated that the shift
from monoterpenes to isoprene during leaf development probably reflects a lower
DMADP pool in young leaves, in combination with the very high Michaelis—Menten
constant (K,,) of isoprene synthase enzyme compared to other allylic diphosphate-
utilizing enzymes [91,127-130] and limited isoprene synthase activity which results from
low expression in young leaves [26]. Thus, the biosynthesis of monoterpenes may be
favored when Cg prenyl phosphates are diminished by primary metabolic pathways
during early leaf developmental stage [127]. Additionally, young leaves are more
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attractive for herbivores and pathogens, and the increase in monoterpene production
could thus contribute in protection against attacks of herbivores and pathogens.
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Glossary
Dimethylallyl diphosphate (DM ADP): immediate precursor of isoprene biosynthesis.

For maldehyde dehydrogenase: an enzyme that catalyses the oxidation of formaldehyde
to formate.

For mate dehydrogenase: an enzyme that catalyses the oxidation of formate to CO,.

| sopenteny! diphosphate (IDP): allylic isomer of dimethylallyl diphosphate (DMADP).
There are two biosynthetic routes to IDP, the classical mevalonic acid (MVA) pathway in
the cytosol and the methylerythritol phosphate (MEP) pathway in the plastid.

Jmax: maximum linear electron transport rate.

Malate valve: a pathway for exporting reducing equivalents among different cellular
compartments via a specific malate-oxaloacetate translocator and activation of malate
dehydrogenase (MDH) enzymes. Isoenzymes of MDH are found in each cellular
compartment. NAD-dependent isoforms of MDH are present in mitochondria,
peroxisomes, cytosol, and plastids, while the chloroplasts contain the redox-controlled
NADP-MDH. The MDH are responsible by reversible conversion of oxaloacetate to
malate using the oxidation of NAD(P)H to NAD(P).

Mehler reaction: in chloroplasts, when ferredoxin becomes highly reduced, e.g. under
environmental conditions when the photosynthetic photon flux is in excess of that used
for carbon assimilation, the electrons can be transferred from photosystem | to oxygen to
form superoxide radicals (O57™°).

Oxylipin pathways: plant oxylipins constitute a multiplicity of lipophilic signalling
molecules derived from the oxygenation of polyunsaturated fatty acids. These molecules
are involved in responses to biotic and abiotic stresses as well as in plant development.

Pentose and triose phosphate inter mediates: The set of pentose intermediates, together
with the triose phosphate pool, constitute a large group of interconvertible metabolites
often called the triose phosphate/pentose phosphate pool.

Plastidic phosphate translocator (PT) family: the plastidic phosphate translocator
mediates a counter-exchange of phosphorylated C3, Cs, Cg metabolites in exchange of
inorganic phosphate. The PT family comprises four members; triose phosphate/
phosphate, phosphoenofyruvate/phosphate, glucose 6-phosphate and xylulose 5-
phosphate/phosphate translocator.

Prenyltransferase: constitutes a large family of enzymes which catalyse the chain
elongation of Cs building blocks via sequential condensation reactions with one or more
allylic diphosphates groups in order to generate the isoprenoid carbon skeletons with
different chain lengths, from GDP (Cyp) to natural rubber (Cs19 000)-

Vemax: maximum carboxylation rate by Rubisco.

Xanthophyll cycle: the xanthophylls are a group of oxygenated pigment carotenoids
found in all photosynthetic organisms, which comprise three carotenoids violaxanthin,
antheraxanthin, and zeaxanthin. The xanthophyll cycle involves the conversion of
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violaxanthin to antheraxanthin and then to zeaxanthin. This cycle participates in the
thermal dissipation of excess absorbed light energy.
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Figure 1.
Synthesis of major plant volatile isoprenoids, isoprene and monoterpenes, occurs via the 2-

C-methyl-D-erythritol 4-phosphate (MEP) pathway in chloroplast, however other multiple
biosynthetic pathways can contribute carbon intermediates to MEP pathway. Due to the
compartmental nature of the chloroplast metabolism and cytosol, the intermediate exchange
among different pathways is hampered. The key pathways interacting with the MEP
pathway are Carbon 1 (C4) metabolic pathway, oxidative pentose pathway, Calvin-Benson
(CB) cycle, shikimate pathway, cytosolic glycolysis and mevalonate (MVA) pathway.
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Potential exchange of intermediates through the plastid membrane is also shown, as well as
intermediate carbon partitioning. In addition, biosynthesis of different classes of isoprenoids
formed from the same five carbon (Cs) precursors in both compartments is shown. Solid-line
arrows indicate carbon flow from extra-chloroplast intermediate molecules and exchange of
carbon intermediates between the compartments. The inhibitors of the MVVA and MEP
pathway are shown in red. Fosmidomycin (FMS) inhibits DXR, the enzyme responsible for
the formation of MEP from DXP in the MEP pathway [30,89]. Bisphosphonates (BP)
inhibitors (e.g. alendronate and zoledronate) are used to inhibit prenyltransferases reactions,
suppressing the formation of isoprenoids formed from GDP in chloroplast and cytosol
[44,88]. The lovastatin (LOV) (also referred to as mevinolin), is a specific inhibitor of
HMGR in the MVA pathway [75,79,87]. Abbreviations: Metabolites: CDP-ME, 4-(cytidine
5’-diphospho)-2-C-methyl-D-erythritol; CDP-ME2P, 2-Phospho-4-(cytidine 5°-
diphospho)-2-C-methyl-D-erythritol; DMADP, dimethylallyl diphosphate; E4-P; erythrose
4-phosphate; FDP, farnesyl diphosphate (FDP; Cy5); GDP, geranyl diphosphate (GDP, C4q);
geranylgeranyl diphosphate (GGDP, Cyq); G6P, glucose 6-phosphate; G3-P,
glyceraldehydes-3-phosphate; HCO3", bicarbonate ion; HMBDP, 1-Hydroxy-2-methylbut-2-
enyl-butenyl 4-diphosphate; HMG-CoA, 3-hydroxy-3-methyl-glutaryl-coenzyme A; IDP,
isopentenyl diphosphate; MEP, 2-C-methyl-D-erythritol 4-phosphate; ME-cDP, 2-C-methyl-
D-erythritol 2,4-cyclodiphosphate; OAA, oxaloacetate; PEP, phosphoenohyruvate; 2-PGA,
2- phosphoglycerate; 3-PGA, 3-phosphoglycerate; RuBP, ribulose-1,5-bisphosphate; Ru5-P,
Ribulose 5-phosphate. Enzymes: CMK, 4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol
kinase; DXS, 1-Deoxy-D xylulose 5-phosphate synthase; DXR, 1-Deoxy-D-xylulose 5-
phosphate reductoisomerase; HDR, 4-Hydroxy-3-methylbut-2-enyl-diphosphate reductase;
HMGR, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; IDI, isopentenyl diphosphate
isomerase; IspS, isoprene synthase; MCT, 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase.
Cofactors: ADP, adenosine diphosphate; ATP, adenosine triphosphate; CTP, cytidine
triphosphate; NADH, nicotinamide adenine dinucleotide (form reduced); NAD*,
nicotinamide adenine dinucleotide (form oxidized); NADPH, nicotinamide adenine
dinucleotide phosphate (form reduced); NADP™, nicotinamide adenine dinucleotide
phosphate (form oxidized). Additional abbreviations: Fd; ferredoxin-dependent reaction;
PP;; pyrophosphate.
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Figure 2.
A review of the current understanding of chloroplastic phosphoenobyruvate (PEP) synthesis

associated with pyruvate formation and specific transporters that mediate the transport of
intermediates through the plastid membrane. The primary products of photosynthesis, triose
phosphates, are exported via the triose phosphate/phosphate translocator (TPT), or
metabolized in chloroplasts. The PEP, can be imported via PEP/phosphate translocator
(PPT), or synthetized by plastidic enolase (2) or, to a lesser extent, by the pyruvate,
orthophosphate dikinase (4) enzyme. PEP in the chloroplasts can enter the shikimic acid
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pathway or, after pyruvate (Pyr) formation, enter the MEP pathway. There are several
possible sources for Pyr inside the chloroplasts: 1) export of cytosolic PEP through a PEP/
phosphate translocator (PPT) [107] and its conversion to pyruvate via glycolysis involving
phosphoglycerate mutase (PGL) and enolase (ENO) [148]; 2) synthesis from PEP by
pyruvate kinase (PK) [149]; 3) via NADP-dependent malate dehydrogenase within
chloroplast [150,151]; or 4) import from the cytosol via plastid Na*-coupled pyruvate
transporter (PyT) [152]. The malate can be transported across the plastid inner envelope
membrane through the so-called malate valve (or malate shunt) facilitated by 2-oxoglutarate
(2-OG)-malate transporter (OMT) or via plastidial dicarboxylate transporter (DCT), which
acts as an antiporter exchanging malate against glutamate (Glu) and aspartate (Asp)
[119,151,153]. The product of starch and sucrose degradation, glucose 6-phosphate (G6P), is
imported into the chloroplast by a hexose translocator (GPT). This specific metabolite is
considered to be a positive allosteric effector of the PEP carboxylase enzyme (6). The figure
shows a possible traffic of 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (ME-cDP) from
plastid into cytosol and its transfer to the nucleus. In addition, pentose intermediates, D-
xylulose and 1-deoxy-D-xylulose (DX), can be phosphorylated to and/or subsequently
translocated into the MEP pathway from xylulose 5-phosphate (XPT) carrier. Metabolites:
DXP, 1-Deoxy-D xylulose 5-phosphate; XU5P, xylulose 5-phosphate. Enzymes numbering:
phosphoglycerate mutase (1); enolase (2); pyruvate kinase (3); pyruvate orthophosphate
dikinase (4); NADP-malate dehydrogenase (5); PEP carboxylase (6); xylulose kinase (7).
The questions marks indicate steps for which the enzymes involved in isoprenoid
metabolism or transport activities (red circles) remain to be elucidated.
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Figure 3.
Schematic representation of the processes underlying the proposed hypothesis of the

temperature and CO», effects on isoprene synthesis. (A) and (B) correspond to the sub-
optimal temperature of photosynthesis, and (C) and (D) to the temperature above the thermal
optimum of photosynthesis at low (A, C) and high CO5 (B, D) concentrations. Under low
[CO,], the light-saturated photosynthesis is Rubisco limited (Jmax>Vemax; Se€ glossary for
definition), while under high [CO,], photosynthesis it is limited by ribulose-1,5-
bisphosphate (RuBP) regeneration or triose phosphate utilization (Jmax<Vcmax), €specially

Trends Plant Sci. Author manuscript; available in PMC 2019 June 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

de Souza et al.

Page 33

under low temperatures. The energy in excess to that used for CO, assimilation is available
for isoprene production and photorespiration. The energy partitioning to CO, and O,
reduction in the Calvin-Benson (CB) cycle, and MEP pathway is represented by white
arrows. The P;j pool size is higher at low [CO5] than at high [CO,] and this could favor
enhanced involvement of extrachloroplastic PEP sources via PEP/phosphate translocator
(PPT). The cytosolic PEP pool size is lower at higher temperatures due to the greater activity
of PEP carboxylase enzyme. However, heat stress can trigger enhanced starch and sucrose
turnover and, thus, a greater net release of P; from sugar phosphates. Under higher
temperature and supra-optimum [CO5], greater availability of carbon intermediates and
photosynthetic energy can increase MEP pathway activity. This results in increases in
DMADRP availability and, together with the strong effect of temperature on isoprene
synthase activity (IspS), this enhances the rate of isoprene synthesis. Note the thicker arrows
indicate a higher flow of intermediaries (black arrows) and energy (white arrows) in
response to the change in temperature and CO, concentration. Metabolites: 2-PG, 2-
phosphoglycolate; F16BP, fructose 1,6-bisphosphate. Explanations of other abbreviations
are given in the figures 1 and 2.
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