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Sinopse:  

Resposta dos principais mecanismos de síntese e emissão de isopreno influenciada pelas mudanças 

dos fatores ambientais (temperatura e CO2) foram investigadas. Aspectos relacionados com atividade 

enzimática, concentração de substrato e mecanismos fotossintéticos foram analisados e comparados 

entre uma espécie de clima tropical (Inga edulis) e uma espécie temperada (Populus tremula). 

Avaliação da performance das predições de modelos para as respostas das emissões de isopreno às 

mudanças dos fatores ambientais foram testadas em Inga edulis. E por fim, um levantamento dos 

principais trabalhos relacionados a dinâmica no particionamento de carbono recém assimilado e 

possíveis fontes extracloroplastídicas para a síntese isopreno.  

 

Palavras-chave: Amazônia, espécies arbóreas, fotossíntese, modelagem e  VOCs. 
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ABSTRACT 

 

Isoprene is an unsaturated and volatile hydrocarbon (formula C5H8) more emitted by 

vegetation, with emphasis on tree species. This molecule plays a significant role in the 

modulation of the atmospheric composition besides conferring adaptive advantage to the 

emitting plants against biotic and abiotic stress. Biogenic emissions of isoprene are controlled 

by temperature, irradiance and CO2 concentration ([CO2]). Given the increase in temperature 

and [CO2], it is of crucial importance to develop more precise models of isoprene emission as 

regards their insertion in the process of global climate change. In this study, the main 

evidence of the origin and the different carbon sources that contribute to the synthesis of 

isoprene were reviewed from periodic high impact factor (Chapter 1). Supported and updated 

on the theme of the synthesis and emission of isoprene, experiments were conceived and 

carried out with the objective of investigating the prediction of emission rates. Establishing a 

comparison of the models obtained “in silico” with two other models well known in the 

literature (Chapter 2) and, finally, an experiment was conducted in order to examine the 

interactive effects of temperature and [CO2] on the rates of emission of isoprene in two 

species: Inga edulis (a species of tropical climate) and Populus tremula (a species of 

temperate climate) (Chapter 3). In addition, we quantitatively represent the effect of different 

environmental conditions on the fraction of electrons allocated for carbon assimilation and for 

the synthesis of isoprene. The increase in temperature may counterbalance the suppression 

effect of high [CO2] on the emission rates of isoprene and the extent of the combined effects 

of temperature and [CO2] may be associated with the sensitivity of the photosynthetic 

mechanisms coupled to energy absorption and carbon assimilation between the species. In P. 

tremula, the CO2 suppression effect decreased as temperature increased and disappeared 

under elevated temperatures as a result of the acceleration of isoprene synthase activity 

(EC 4.2.3.27 ). The reduction of net photosynthetic rates, Vcmax, ETR e Fv’/Fm’ in function to 

temperature led to a decrease in the concentration of dimethylallyl diphosphate (DMADP) 

above 35ºC. The higher vulnerability of the photosynthetic processes will contribute to the 

greater electron supplementation in the isoprene synthesis, which reflected in a great loss of 

photosynthetic carbon as isoprene. In general, elevated [CO2] attenuated the effect of 

temperature on photosynthesis in particular on the fluorescence parameters which contributed 

to the increase in DMADP pools. For tropical species, the positive effect of temperature on 

isoprene synthase activity did not reduce the inhibitory effect of high CO2. The suppression of 
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isoprene emission rates was related to changes in the availability of DMADP rather than 

changes in isoprene synthase activity per se. The best fit of the photosynthetic processes for 

high temperature contributed to the greater influx of electrons to the reactions in the Calvin-

Benson cycle to support the higher carboxylation rates. In addition, from the A/Ci curve was 

observed decrease in net photosynthesis and ETR under intercellular CO2 concentration, 

suggesting a possible link between ATP limitation and changes in carbon partitioning with 

declining isoprene emissions. The model (energetic status model– Morfopoulos et al. 2014) 

was able to reproduce changes in the isoprene emission rates induced by changes in [CO2] and 

irradiance. A trend to increase the isoprene/photosynthesis ratio was observed with increasing 

irradiance. In addition, the electron flow for photorespiration, photorespiration rate, parallel 

isoprene emission rates under all parallelized the emission rates of isoprene under all 

conditions studied. Our observations suggest that difference in the tolerance threshold 

between species for temperature increase may determine the extent to which the suppression 

effect by high [CO2] may exert on the control points (electron flow, ATP and DMADP) in the 

synthesis of isoprene. Improving the understanding of the mechanistic basis of isoprene 

emissions and their importance in prediction models related to volatile organic compounds 

(VOC) emissions under different scales and environmental conditions. 
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RESUMO 

 

O isopreno é um hidrocarboneto insaturado e volátil (formula C5H8) mais emitido pela 

vegetação, com ênfase em espécies arbóreas. Esta molécula desempenha significativo papel 

na modulação da composição atmosférica além de conferir vantagem adaptativa as plantas 

emissoras contra estresse biótico e abiótico. As emissões biogênicas de isopreno são 

controladas por temperatura, irradiância e concentração de CO2 ([CO2]). Dado ao aumento na 

temperatura e da [CO2] é de crucial importância o desenvolvimento de modelos mais precisos 

de emissão de isopreno no que concerne sua inserção no processo de mudanças climáticas 

globais. Nesse estudo, as principais evidências da origem e das diferentes fontes de carbono 

que contribuem na síntese de isopreno foram revisadas a partir de periódicos de alto fator de 

impacto (Capítulo 1). Embasado e atualizado sobre a temática da síntese e emissão de 

isopreno, experimentos foram idealizados e realizados com o objetivo de investigar a predição 

das taxas de emissão, estabelecendo um comparativo dos modelos obtidos ¨in silico¨ com dois 

outros modelos já bem conhecidos na literatura (capítulo 2) e, por último, um experimento foi 

realizado com objetivo de analisar o efeito interativo da temperatura e da [CO2] sobre as taxas 

de emissão de isopreno em duas espécies: Inga edulis (uma espécie de clima tropical) e 

Populus tremula (uma espécie de clima temperado) (Capítulo 3). Além disso, nós 

representamos quantitativamente o efeito de diferentes condições ambientais sobre a fração de 

elétrons alocada para assimilação de carbono e para a síntese de isopreno. O aumento da 

temperatura pode contrabalancear o efeito supressão da alta [CO2] sobre as taxas de emissão 

de isopreno e a extensão dos efeitos combinados da temperatura e [CO2] podem estar 

associados a sensibilidade dos mecanismos fotossintéticos acoplados a absorção de energia e 

assimilação do carbono entre as espécies. Em P. tremula, o efeito supressão do CO2 diminuiu 

a medida que a temperatura aumentou e desapareceu sob elevadas temperaturas, como 

resultado da aceleração da atividade da isopreno sintase (EC 4.2.3.27 ). A redução dos valores 

de fotossíntese líquida, Vcmax, ETR e Fv’/Fm’ em função da temperatura levaram ao decréscimo 

na concentração de DMADP acima de 35ºC. A maior vulnerabilidade dos processos 

fotossintéticos contribuiupara maior suplementação de elétrons na síntese de isopreno o que 

refletiu em grande perda de carbono fotossintético como isopreno. De forma geral, elevadas 

[CO2] atenuaram o efeito da temperatura sobre a fotossíntese, em particular, sobre os 

parâmetros de fluorescência, nos quais contribuíram para aumento nos pools de DMADP. 

Para a espécies tropical, o efeito positivo da temperatura sobre a atividade da isopreno sintase 

não reduziu o efeito inibitório do alto CO2. A supressão sobre as taxas de emissão de isopreno 
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foi relacionado às mudanças na disponibilidade de DMADP em vez de mudanças na atividade 

da isopreno sintase em si. O melhor ajuste dos processos fotossintéticos para alta temperatura 

contribuiu para maior influxo de elétrons para as reações no ciclo de Calvin-Benson para dar 

suporte as maiores taxas de carboxilação. Adicionalmente, a partir da curva A/Ci foi 

observado decréscimo da fotossíntese líquida e ETR sob concentração intercelular de CO2, 

sugerindo possível ligação entre limitação por ATP e mudanças no particionamento de 

carbono com declínio das emissões de isopreno. O model (energetic status model– 

Morfopoulos et al. 2014) foi capaz de reproduzir as mudanças nas taxas de emissão de 

isopreno induzida por alterações nas [CO2] e irradiância. Uma tendência de aumento da razão 

entre isopreno/fotossíntesefoi observadacom o aumento da irriadiância. Em adição, o fluxo de 

elétrons para fotorrespiração, taxa de fotorrespiração alteraram paralelamente as taxas de 

emissão de isopreno sob todas as condições estudadas. Nossas observações sugerem que 

diferença no limiar de tolerância entre as espécies para o aumento da temperatura pode 

determinar a extensão no qual o efeito da supressão por alto [CO2] pode exercer sobre os 

pontos de controle (fluxo de elétrons, ATP e DMADP) na síntese de isopreno. Melhorando a 

compreensão sobre a base mecanicista das emissões de isopreno e sua importância nos 

modelos de predições relacionados as emissões de compostos orgânicos voláteis (COV) 

emissions sob diferentes escalas e condições ambientais.   
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DEFINITIONS OF ABBREVIATIONS, SYMBOLS, UNITS AND REFERENCES 

Symbol Definition Value/Units/references 
A Measured net assimilation µmol m−2 s−1 

BL Biochemical limitation Dimensionless 
(Grassi and Magnani 2005) 

C1 Parameter of the  energetic status model Dimensionless 
(Morfopoulos et al. 2014) 

C2 Parameter of the  energetic status model m2 s µmol-

1(Morfopoulos et al. 2014) 
Ca Carbon dioxide concentration in the cuvette as 

measured by the IRGA 
µmol mol−1 

Cc Carbon dioxide concentration at the site of 

Rubisco carboxilation  

µmol mol−1 

Ci Sub-stomatal carbon dioxide concentration µmol mol−1 
CL1 Parameters of the G93 algorithm (value = 1,066) Dimensionless (Guenther et 

al. 1993) 
gm Mesophyll conductance to Carbon dioxide mol m−2 s−1 

IRGA Infrared gas analyser  
J Light-limited electron flux µmol m−2 s−1(Farquhar et al. 

1980) 
Jhigh The value of J obtained at saturated 

photosynthetic photon flux 
µmol m−2 s−1(Buckley and 

Diaz-Espejo 2015) 
Jiso Fraction of electrons allocated to isoprene 

biosynthesis 
µmol m−2 s−1 

Jmax Maximum potential electron transport rate µmol m−2 s−1 
Jo Electron flow costs for photorespiration µmol m−2 s−1(Valentini et al. 

1995) 
Jv Electron flow used for the carboxylation µmol m−2 s−1 

Jtotal Electron transport rate measured by fluorescence µmol m−2 s−1 (Valentini et 
al. 1995) 

Kc Rubisco Michaelis–Menten constant for CO2 µmol mol−1 
Kc(1+O/Ko) Rubisco Michaelis–Menten constant for CO2 in 

the presence of O2 competitive inhibition, 
without respiratory and photorespiratory CO2 

release 

µmol mol−1 

Ko Rubisco Michaelis–Menten constant for O2 µbar 
LCP Light compensation point (i.e. PPFD when A = 

0) 
µmol m−2 s−1 

ML Mesophyll limitations Dimensionless (Grassi and 
Magnani 2005) 

PPFD Photosynthetic photon flux density µmol m−2 s−1 
Rp Photorespiration rate, or rate of photorespiratory 

CO2 evolution F = 0.5 · VO 
µmol m−2 s−1 

RL Respiration in the light (Yin et al. 2011) 
SL Stomatal limitations Dimensionless (Grassi and 

Magnani 2005) 
VCMAX CO2-saturated Rubisco carboxylation rate µmol m−2 s−1 

Vc Rubisco carboxilation rate µmol m−2 s−1 
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Vo Rubisco oxigenation rate µmol m−2 s−1 
YJ Quantum yield for electron transport (i.e. 

conversion efficiency of PPFD into J) 
mol electron mol-1 photon 

α Parameters of the G93 algorithm (value ≈ 
0,0016) 

Dimensionless (Guenther et 
al. 1993) 

Γ* CO2 compensation point in the absence of 
mitochondrial respiration in the light 

µmol mol−1 

θ Curvature parameter of the non-rectangular 
hyperbola describing the PPFD dependence of J 

Dimensionless 

ФIso Quantum yield of  isoprene emission nmol isoprene µmol photon- 

1 
ФCO2 Quantum yield for CO2 fixation mol CO2 mol-1 photon 
ФPSII Quantum yield of photosystem II Dimensionless  (Genty et al. 

1989) 
 

 



INTRODUCTION 

 

1 General aspects 

 
Isoprene, or 2-methyl-1,3-butadiene, is a colourless volatile unsaturated hydrocarbon 

of formula C5H8 (Table 0.1). It was first discovered in 1860 by a British chemist, C. Williams 

(Williams, 1860). Isoprene has a low boiling point of 34°C and high vapour pressure of 60.8 

kPa (at 20 °C) that explains its high volatility. Isoprene is insoluble in water, but has 

lipophilic proprieties. Therefore it can interact with lipids, including those constituting the 

membranes of biological cells. In the leaves, the production of C5H8 from CO2 requires many 

reduction steps. Consequently, isoprene tends to act as electron donor, and to react in the 

presence of most oxidizing agents. The two double bonds of the molecule also make it readily 

polymerized and isoprene is the initial building block for many organic compounds such as 

terpenes, carotenoids, tocopherol (vitamin E) and natural rubber.  

The isoprene is emitted by various groups of plants (Fineschi et. al., 2013;Monson et. 

al., 2013; Sharkey, 2013), however, not all the plants have this characteristic. Monson et. al. 

(2013) suggests that the isoprene emission capacity may have evolved independently within 

several plants lineages, and may have been lost in other. The author suggests that the cost in 

producing isoprene without an adaptive benefit may cause non-functionality of the isoprene 

synthase gene through random mutations throughout the evolutionary process. In this way, 

this can confer a selective advantage to the species, culminating in the loss of function. 

 
Table1Isoprene properties under standard state of 25ºC and 100 kPa (except where noted 
otherwise) 

Isoprene Properties 
Chemical structure 

 

 

 
 

Molecular formula C5H8 
Molar mass 68.12 g mol-1 
Density 0,681 g cm-3 
Melting point -143.95 ºC 
Boiling point 34.67ºC 
Vapour pressure 60.8 kPa (20ºC) 
Water solubility 0.7 g ml-1 
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Environmental conditions exert a strong pressure throughout the evolutionary process, 

and in some situations may have been determinant in the persistence of isoprene emission in 

certain species. Sharkey & Singsaas (1995) published an article entitled “‘Why plants emit 

isoprene”, and presented evidence of thermotolerant role of isoprene. The thermotolerance 

hypothesis has not always been observed (Vickers et al. 2009), but it is still the most 

argument to explain the adaptive role of isoprene emission (Sharkey et al., 2001; Sharkey et 

al. 2008; Pacifico et al., 2009).  It is believed that isoprene can confer greater stabilization of 

the lipid bilayer of chloroplasts, thus avoiding damages associated with high temperatures 

(Sharkey et al. 2008; Velikova et al., 2011).  

Another important role attributed to isoprene is its action against reactive oxygen 

species (EROs), which can be produced in response to high temperatures, excessive light 

intensity, as well as high concentrations of ozone (Loreto & Velikova, 2001; Tang et al., 

2006; Vickers et al., 2009; Jardine et al., 2011; Velikova et al., 2012). Loreto & Velikoka 

(2001) observed that the leaves of Phragmites australis exhibited higher amounts of hydrogen 

peroxide (H2O2) and malondialdehyde (MDA, an indicator of lipid peroxidation) when 

supplemented with fosmidomycin (inhibitor of isoprene synthesis), indicating that more 

oxidative products are formed in the absence of isoprene. Moreover, Jardine et al. (2012; 

2013) providing for tropical species Mangifera indica leaves the labeling 2-13Cpiruvato, 

presented direct evidence of the antioxidant role of isoprene, through of the emission 

oxidation products of methyl vinyl ketone (MVC) and methacrolein (MACR) labeled with 13C 

at high temperatures and also under high light intensity, which might have caused an increase 

in production of reactive oxygen species (ROs). 

It is estimated that the amount of carbon dioxide removed from the atmosphere 

through photosynthesis is around 150–175 Pg C yr−1 (Welp et al., 2011), where terrestrial 

ecosystems return with about 1% - 2% of this carbon to atmosphere in the form of volatile 

organic compounds (VOCs) (Guenther et al., 2012). Of all the VOCs, isoprene is the most 

emitted by terrestrial vegetation, with a flow of approximately 400 to 600 Tg C year-1 

(Ashworthet al., 2013). Once in the atmosphere, that hydrocarbon can change ozone 

concentrations and other oxidants, that as well as the formation secondary organic aerosols, 

affecting the radioactive balance of the Earth.  

The principal regulation mechanisms of isoprene synthesis and emission are strongly 

controlled by light, temperature, water supplementation and CO2 concentration ([CO2]). The 

isoprene synthesis requires large amounts of energy cofactors and under normal conditions, 
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most of the carbon released in the form of isoprene come from newly assimilated products 

derived the photosynthesis. One of the concerns in the world today is related to changing 

climatic conditions. Several studies have pointed out that increased [CO2] atmosphere coupled 

the gradual increase in global average temperature may result in direct impacts on the plant 

structure and functioning as well as in isoprene flow to atmosphere. Changes in emission rates 

can cause significant alterations in air composition and quality and consequently in 

radioactive balance of the Earth. Moreover such impacts may also result in significant 

implications on the distribution in the emission capacity of VOCs from plants and its multiple 

physiological and ecological functions in the plant kingdom. 

Despite the enormous importance in the processes surrounding the isoprene synthesis and 

emission rates, many issues need better understanding: 1) What is the pattern response of 

isoprene synthesis and emission among the species to the simultaneous effect of different 

environmental factors? 2) What are the physiological key characteristics which account the 

variations found in the standard isoprene synthesis and emission between different species? 3) 

How the sensitivity of these characteristics, face to environmental changes, may affect the 

carbon and energy flux to the reactions of isoprene synthesis and emission? 4) And how 

changes in environmental factors can alter the balance in production and carbon/energy use 

between different metabolic pathways and isoprene synthesis? 

The Amazon forest has been considered as the main source of isoprene to the atmosphere. 

Fact associated primarily to the high temperatures and irradiance as well as the large number 

of species with potential emission. Much of the research in the Amazon region goes on 

measures of concentration and estimation of isoprene flow. Most times, these estimates are 

made through empirical observations based on a small percentage of existing species in 

tropical regions. However, measures the leaf level coupled to the biosynthetic processes of 

isoprene are still scarce and the effects of the environment on these processes are still poorly 

understood. The isoprene synthesis requires large amounts of energy cofactors, and under 

normal conditions, most of the carbon released in the form of isoprene come from newly 

assimilated products derived the photosynthesis. However, changes in environmental factors 

can alter the energy partitioning as well as the newly assimilated carbon fraction used in the 

synthesis of isoprenoid reactions. 

In this context, it is very important to identify which are the emitting species and how 

environmental factors can modulate the emission potential of these tropical species. 

Furthermore, the identification and understanding of key points in isoprene synthesis 

regulation could bring essential information to improve the accuracy of estimates of regional 
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models and/or global emission and also on the relative contribution of the Amazon forest in 

the VOCs flow, as well as the possible consequences of that effect on climate. 
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SUMMARY 

In this paper, we review and seek to deepen the understanding of the role of alternative 

carbon sources associated with isoprene emissions. Volatile organic compounds (VOCs) play 

a key role in biotic and abiotic systems. They participate in photochemical reactions in the 

atmosphere, which have direct implications for climate. On the other hand, forests are 
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important sources of VOCs, and environmental conditions affect tree physiology and the 

emissions of VOCs, including isoprene. Therefore, these two-way movements do not seem to 

be well understood as regards the biotic side, particularly the biological organization of 

isoprene synthesis and emission from the cellular-level metabolic pathways in its source 

organs, the leaves. The mechanism of dissipation of excess energy from leaf-scale processes 

still needs to be understood with respect to both cellular homeostasis and dynamic work under 

extreme conditions; for example, how are molecules synthesized to give stability to cell 

membranes? VOCs have many protective and ecophysiological influences on plant growth 

and development. Here, we suggest that volatile isoprenoid production takes advantage of 

dimethylallyl diphosphate (DMAPP) and its isomer isopentenyl diphosphate (IPP) produced 

by the MEP pathway, which is responsible for the synthesis of a wide range of key 

metabolites involved in cellular metabolism and carbon sources crucial for the survival of the 

plant. Isoprenoid production is also associated with effects at the ecosystem and atmospheric 

levels. Due to their specific induction methods and use of different C sources, these volatiles 

may be the front line of plant defense against stresses and climatic changes. 

Keywords: DMAPP, MEP pathway, carbon sources, plant volatiles, VOCs. 
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2 Introduction 

 

Recently, Sharkey and Monson dedicated one of their papers to the 60th anniversary of 

the first discovery of isoprene emissions in plants, made by Professor Guivi Sanadze (Sharkey 

and Monson, 2017). After six decades of discoveries related to leaf isoprene emissions, great 

advances have been made regarding the biosynthetic processes and emission rate of isoprene 

production, defining its metabolic context as well as its ecological role and effect on 

biogeochemical cycles. However, Sharkey and Monson highlight in their review that even 

after decades of research into the biochemical dynamics of emission, some intricate issues 

remain unanswered, and some control mechanisms associated with the availability of 

reducing power and carbon skeletons need to be clarified. 

Biogenic emissions of isoprene play important roles in both tropospheric photochemistry 

and plant metabolism (Ghirardo et al. 2014, Banerjee and Sharkey 2014, Liu et al. 2016, Jud 

et al. 2016). Isoprene is the major and a highly volatile biogenic hydrocarbon released by 

vegetation, and due to its reactivity with tropospheric oxidants, it may affect atmospheric 

composition and air quality (Tai et al. 2013, Streets et al. 2013, Schallhart et al. 2016). In 

plants, especially trees, the role of isoprene has been associated with an efficient mechanism 

of dissipation of excess energy of leaf-scale processes (Sharkey et al. 2008, Vickers et al. 

2009). Different evidence points to this molecule functioning as an important defense against 

thermal and oxidative stresses (Pollastri et al., 2014), enhancing the stability of biological 

membranes (Ryan et al., 2014; Ehn et al., 2014; Velikova et al., 2015) and scavenging stress-

induced reactive oxygen species (Harrison et al., 2013; Jardine et al., 2013; Possell and 

Loreto, 2013), functioning as a cellular defense mechanisms against transient and mild 

stresses (Loreto & Fineschi, 2015). Interestingly, when tobacco plants genetically modified to 

make isoprene were subjected to drought, they exhibited no significant differences in the 

processes of light transfer through PSII when compared with well-watered emitting and non-

emitting plants. However, both emitting and non-emitting plants showed significantly reduced 

net assimilation and shoot biomass under water deficit (Ryan et al. 2014), with the decreased 

the growth of isoprene-emitting plants even greater than that of non-emitting plants. This 

effect may be linked to the well-known expensive investment in terms of carbon and energy 

required by the isoprene biosynthetic process under stress conditions. Approximately 0.5–2% 

of photosynthetic carbon is re-emitted as isoprene, and 14 mol of NADPH and 20 mol of ATP 

are required for each mol of isoprene emitted under steady-state environmental conditions 
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(Sharkey and Yeh 2001). However, the fraction of carbon re-emitted as isoprene can increase 

up to approximately 15-50% of photosynthetic rates under severe stress (Kesselmeier et al. 

2002, Funk et al. 2004), which could reduce investment in growth structures under such 

conditions. 

The synthesis of isoprene occurs through the direct action of the enzyme isoprene 

synthase upon its immediate precursor, DMADP (Eisenreich et al., 2001; Wolfertz et al., 

2003). In the chloroplasts, both DMADP and its isomer IPP are generated by MEP pathway  

from the precursors pyruvate and glyceraldehyde 3-phosphate (G3-P) (Lichtenthaler et al. 

1997, Fellermeier et al. 2003, Lichtenthaler 2007, Phillips et al. 2008). The MEP pathway is 

responsible for the synthesis of a wide range of key metabolites involved in the survival of 

plants, as well as several secondary metabolites (Yuan et al. 2009, Dudareva et al. 2013). The 

range of plastidial isoprenoids includes phytohormones (gibberellin, cytokinin, abscisic acid); 

chloroplastic pigments (side chains of chlorophylls and carotenoids); electron carriers (side 

chain of plastoquinone); and tocopherols, phylloquinone and many other important secondary 

metabolites (Kasahara et al. 2002, Lichtenthaler 2009, Ruiz-Sola and Rodríguez-Concepción 

2012, Hemmerlin et al. 2012, Chung and Choe 2013, Chang et al. 2013, Opitz et al. 2014). 

The majority of these compounds have already been used for the production of 

biotechnological and agronomic products that are used in the food (i.e. edible oils), 

pharmacological, (i.e. phenolic antioxidants/methyl erythritol phosphate/antimalaria drugs), 

and cosmetic (i.e. cosmetic formulations) industries, adding considerable commercial value to 

isoprenoids (Sattler et al. 2003, Rodríguez-Concepción 2010, Vermaak et al. 2011, Saggu et 

al. 2016, Shahidi and De Camargo 2016). In addition, insights from natural production of 

these compounds have clearly demonstrated their emerging application in production of both 

renewable fuels and chemicals (Erickson et al. 2012). 

Due to the biosynthetic mechanisms involved and the broad groups of molecules 

produced, which exhibit extraordinary diversity in chemistry, structure and function (Peñuelas 

and Munné-Bosch 2005, Loreto et al. 2009, Dudareva et al. 2013, Kumari et al. 2013, Moore 

et al. 2014, Pichersky and Raguso 2016), it is expected that the synthesis of these isoprenoids 

occurs at the expense of large supplies of carbon and energy into the pathway (Sharkey and 

Yeh 2001, Sharkey et al. 2008, Ghirardo et al. 2014). This process is in turn regulated by 

complex metabolic networks organized into different levels and cellular compartments 

(Rodríguez-Concepción 2010, Vranová et al. 2013, Hemmerlin 2013, Chang et al. 2013, 

Ghirardo et al. 2014). 
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Photosynthesis is the principal carbon and energy source for isoprene synthesis 

(Niinemets et al. 1999, Unger et al. 2013, Grote et al. 2014, Morfopoulos et al. 2014). Light-

dependent isoprene emissions are related to increases in electron transport rate (Monson et al. 

1992, Sharkey and Loreto 1993, Dani et al. 2014b), levels of triose phosphates, leaf levels of 

ATP and NADPH, and flux and proportion of intermediates through the MEP pathway 

(Loreto and Sharkey 1990, Pokhilko et al. 2015), with a concomitant increase in the DMADP 

pool (Rasulov et al., 2009). Using 13CO2 labeling kinetic analysis, it has been demonstrated 

that approximately 70 to 90% of carbon emitted as isoprene is most likely labelled from the 

recently assimilated carbon incorporated into G3-P (Karl, Curtis, et al. 2002, Affek and Yakir 

2003, Loreto, Pinelli, Brancaleoni, et al. 2004, Owen and Peñuelas 2005). Although this is an 

impressive fraction of labeled carbon, it must be noted that approximately 10 to 30% of the 

carbon atoms remained unlabeled even when the leaves were still exposed to 13CO2 (Affek 

and Yakir 2003, Loreto, Pinelli, Brancaleoni, et al. 2004, Schnitzler et al. 2004). Remarkably, 

both the fraction of unlabeled carbon and the isoprene emission rate seems to be greater when 

the environmental conditions are rather limiting to the photosynthetic process, such as under 

high temperatures and drought stress (Brilli et al., 2007; Jud et al., 2016; Bamberger et al., 

2017), as well as low CO2 concentrations (Trowbridge et al. 2012).  

It has been previously demonstrated that the ratio between the labeled and unlabeled 

fractions of carbon can vary not only due to environmental conditions (Funk et al., 2004; 

Trowbridge et al., 2012) but also depending on the species (Affek and Yakir 2003)and the leaf 

developmental stage (Loreto, Pinelli, Brancaleoni, et al. 2004). It is worth mentioning that 

most of these studies have been performed using measurements of 13C natural abundance 

(Affek and Yakir 2003), online measurements in a13C-enriched atmosphere (Karl et al. 2002) 

or 13C-labeled precursors. Thus, although the identification and characterization of enzymes 

and membrane transporters and the use of specific inhibitors have significantly contributed to 

the elucidation of mechanisms regulating the carbon flux into the MEP pathway, it has also 

been suggested that a portion of the unlabeled carbon is derived sources of substrate different 

from the newly fixed carbon (Affek and Yakir, 2003); these are usually called alternative 

carbon sources. 

Alternative carbon sources have been proposed arise from multiple origins, including 

chloroplastic ones such as starch breakdown (Karl, Fall, et al. 2002), the pyruvate pool (Affek 

and Yakir, 2003;Trowbridge et al., 2012), and deoxyxylulose phosphate molecules derived 

from the pentose pathway, or extra-chloroplastic ones such as xylem-transported 

carbohydrates (Kreuzwieser et al., 2002; Mayrhofer et al., 2004; Schnitzler et al., 2004) or 
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refixation of CO2 released by mitochondrial respiration (Loreto, Pinelli, Brancaleoni, et al. 

2004) Several attempts to identify these alternative carbon sources and their relative 

importance for isoprene synthesis have been made (Schnitzler et al. 2004). Despite progress in 

our understanding of the regulatory mechanisms of the MEP pathway, our current knowledge 

of the interplay between the synthesis and emission of isoprene and other cellular processes 

remains limited. Moreover, the integrated coordination and metabolite trafficking between 

cell compartments, and consequently, the use of these sources by the MEP pathways is yet 

unknown.  

This review focuses on the progress made in recent years concerning key aspects of the 

control and regulation of the metabolic exchange between the MEP and other biosynthetic 

pathways. We also discuss the advances made in determining the biosynthetic origins of these 

carbon intermediates and their relative contributions, especially in the synthesis and emission 

of isoprene. By doing this, our understanding of the mechanistic basis of the patterns of 

partitioning and identification of the main sources of carbon used in the synthesis of isoprene 

and other derived isoprenoids is revisited. 

Despite the presence of numerous metabolic activities in the MEP pathway and its 

importance in the synthesis of various compounds of plant primary and secondary 

metabolism, we will not cover the pathway in detail (it was expertly reviewed elsewhere 

(Vranová et al. 2012, 2013, Dudareva et al. 2013, Zhao et al. 2013, Chang et al. 2013, 

Banerjee and Sharkey 2014). A comprehensive overview of the aspects associated with the 

limiting steps of the MEP pathway channeling precursors to the carotenoid pathway has also 

been provided (Rodríguez-Concepción (2010). Both the properties and functions of another 

important class of VOC emissions have been highlighted, reporting the relevant control points 

in the production of common metabolites that are precursors used by more than one 

biochemical pathway (Dudareva et al. 2013). 

 

3 Chloroplastic sources 

1.3.1 The implications of carbohydrate metabolism on patterns of isoprene synthesis 

and emission 

The complexity of the isoprenoid biosynthetic pathway is one of the best recognized 

networks within biological systems, but our understanding of the control mechanisms 

regulating synthesis of these compounds and their relationships with different aspects of cell 
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metabolism has been limited (Sweetlove and Fernie 2005, Lunn 2007, Hemmerlin 2013). 

Notably, these control mechanisms are required to adjust the synthesis of specific products to 

the actual needs of the plant, which may rapidly change in response to environmental 

fluctuations and internal stimuli associated with development. The physiological changes in 

response to internal and/or external stimuli can alter the flux of intermediaries between 

different cellular compartments and satisfy the need for specific substrates within the 

pathway.  

The favouring of a particular compound in over another has important implications 

associated with carbon flux, formation of intermediate metabolites and, apparently, the 

activities of enzymes of the MEP pathway (Ghirardo et al. 2010, 2014, Banerjee et al. 2013, 

Wright et al. 2014). It has been suggested that the regulatory mechanisms of isoprene 

synthesis are controlled, at least partially, by changing patterns of allocation of carbon 

intermediates (Rosenstiel et al. 2003, Pegoraro et al. 2004a, Loreto et al. 2007, Trowbridge et 

al. 2012, Opitz et al. 2014). This fact aside, the mechanisms that control carbon partitioning 

for the synthesis of isoprene are not yet understood (Rasulov et al. 2014), but several possible 

mechanisms, including transcriptional and posttranslational control of gene expression, 

catalytic activity of enzymes and feedback communication between several metabolic 

processes have been recently suggested (Rohdich et al. 2001, Mayrhofer et al. 2005, Fraser et 

al. 2007, Wiberley et al. 2009, Vickers et al. 2010, Hemmerlin 2013). 

Although the flow of isoprene represents only 0.5% to 2% of carbon fixed during 

photosynthesis (Mayrhofer et al. 2004, Dani et al. 2014a), 13C labeling kinetic analysis has 

demonstrated that the removal of isoprene emission strongly reduces overall carbon flux 

through the MEP pathway (Ghirardo et al. 2014). It is important to mention that this effect 

culminates in increased DMADP content and higher carbon flux into non-volatile isoprenoids. 

This fact may be linked to the allosteric inhibition of deoxyxylulose phosphate synthase 

(DXS) by increased availability of plastidial DMADP (Ghirardo et al. 2010, Banerjee et al. 

2013) and redirection of this substrate to other plastidial metabolites that are not used for 

isoprene synthesis. Altogether, it seems reasonable to assume that isoprene biosynthetic 

process is a major carbon sink along the MEP pathway (Ghirardo et al. 2010, 2014). This 

hypothesis is further supported by the increased activity of key enzymes of the MEP pathway 

and the higher flow of carbon through the pathway in isoprene-emitting than in non-emitting 

species (Ghirardo et al. 2014). 

The relationship between the photosynthetic process and isoprene synthesis and 

emission is not without precedence (Owen et al. 2002, Mayrhofer et al. 2004); however, 
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integrative studies of how and to what extent different abiotic factors impact key points in the 

interaction between these two processes remains to be further elucidated (Potosnak 2014, 

Sharkey and Monson 2014, Monson et al. 2016). Two hypotheses have been widely discussed 

for the main mechanism regulating the synthesis of isoprene following environmental 

changes. A unifying conceptual mechanism supports the idea that the synthesis of isoprene is 

driven by the availability of reducing power, which varies according to the environment, 

affecting the balance of these photochemical products between isoprene synthesis rates and 

carbon assimilation in the Calvin-Benson cycle (Morfopoulos et al. 2013, 2014). This 

assumption is based upon the stimulation of carboxylation reactions under high [CO2] 

conditions, a situation that increases the demand for ATP and NADPH in the Calvin-Benson 

cycle, affecting the supply of energy cofactors to several MEP pathway reactions (Niinemets 

et al., 1999; Grote et al., 2014; Morfopoulos et al., 2014). The second hypothesis suggests that 

specific growth conditions would culminate in changes in carbon partitioning into the MEP 

pathway, ultimately affecting isoprene synthesis rates (Rosenstiel et al., 2003; Loreto et al., 

2007; Calfapietra et al. 2008; Trowbridge et al., 2012). Although both hypotheses have been 

extensively tested, the relative contribution of each of these processes to the control of 

isoprene emissions is still under debate.  

 The close relationship between photosynthesis and the reactions of the MEP pathway 

make the mechanisms of photosynthetic regulation central hubs controlling carbon and energy 

allocation for isoprene biosynthesis. The differences in isoprene emissions in response to 

environmental fluctuation (i.e. light, temperature and [CO2]) could be explained, at least 

partially, by the sensitivity of the photosynthetic mechanisms of different species to these 

factors (Vu et al. 1997, Galmés, Kapralov, et al. 2014, Galmés, Andralojc, et al. 2014). The 

effects of these major environmental drivers on photosynthetic processes are complex and 

involve multiple molecular and physiological changes that are coupled to the energy uptake 

and carbon assimilation (Zinta et al. 2014). These differences may affect the extent to which 

photochemical products and photoassimilates will be used by the reactions of the MEP 

pathway, coupled with the effect of temperature on enzymatic reactions, especially isoprene 

synthase (Rasulov et al. 2010). 

A link between the limitation of ATP and NADPH on sustaining the production of 

substrates (Loreto and Sharkey 1990, Rasulov, Hüve, Välbe, Laisk, Niinemets, et al. 2009) 

and the temperature stimulation of enzymatic activity of the MEP pathway (Rasulov et al. 

2010) has been suggested. It has been proposed that under low temperatures, ATP limitation 

increases with increasing internal CO2 concentration, but under elevated temperatures, this 
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limitation is rather low (Loreto and Sharkey, (1990). Despite the stimulating effect of high 

[CO2] on photosynthetic rates, feedback limitations due to the shortage of ATP can be 

exhibited by some species (Sharkey and Vanderveer 1989, Yang et al. 2016). During 

feedback limitations the stromal phosphate concentration drops compromising the exchange 

of intermediaries between the cytosol and chloroplasts, reducing sucrose synthesis and 

transport capacity and ultimately leading to an accumulation of starch in the chloroplast 

(Gerhardt et al., 1987; Nemeth et al., 1998; Zeeman et al., 2007). Conditions in which the 

supply exceeds the demand, high levels of photoassimilates translate into a high 3-PGA/Pi 

ratio within the chloroplast, driving part of flow of intermediates from the Calvin-Benson 

cycle to support starch biosynthetic reactions (Zeeman et al. 2007, Geigenberger 2011). The 

triose-phosphate limitation affect diverse photosynthetic components associated with 

carboxylation capacity, electron transport rate, and partitioning of recently fixed carbon to the 

different organic compounds,  mostly starch and sucrose (Socias et al. 1993, Yang et al. 

2016). Alterations in the phosphate pool of the chloroplast can not only limit the availability 

of energetic cofactors and photoassimilates but also change the carbon flux between 

intermediates of carbohydrate metabolism. 

The features that establish the responses of photosynthetic processes exposed to 

multiple environmental stressors may be quite variable depending the adaptability and 

acclimation capacity of a species. Species-specific variations in response to the main 

mechanisms of regulation of photosynthesis have significant implications for energy flow and 

allocation of photoassimilates (Seemann et al. 1984). Models of photosynthesis have been 

developed to try to elucidate the responses of key points involved in photosynthetic regulation 

to environmental conditions. The model of Farquhar et al. (1980) has been the most 

commonly used over the past four decades to study the response of C3 photosynthesis to the 

environment. This model assumes that the photosynthetic process is determined by three 

distinct states: 1) low CO2 levels limited by ribulose-1,5-bisphosphate carboxylase (rubisco) 

for carboxylation, 2) high CO2 levels compromising ribulose-1,5-bisphosphate (RuBP) 

regeneration, and 3) triose phosphate utilization (TPU), at least in some cases. Because of the 

close relationship between isoprene emission and synthesis of ATP, NADPH and G3-P, it 

seems reasonable to assume that the specific responses of these three points limiting 

photosynthesis could also compromise the supply of carbon and reducing power to the 

reactions of the MEP pathway.  

Diurnal variations in VOC emissions and the synthesis of some plastidial terpenoids can 

be explained by changes in the availability of precursors (Mayrhofer et al. 2004, Magel et al. 
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2006, Paparelli et al. 2013). However, compelling evidence has demonstrated that part of the 

mechanistic basis explaining these variations involves control by a circadian clock (Pokhilko 

et al. 2015). The circadian clock regulation of isoprene synthesis is linked with rhythmic 

variations in gene expression, protein amount, and enzyme activity of the MEP pathway 

(Mayrhofer et al. 2005, Loivamäki et al. 2007, Wiberley et al. 2009) as well as fluctuations in 

partitioning of photoassimilates throughout the day (Kölling et al., 2015; Magel et al., 2006; 

Mayrhofer et al., 2004; Paparelli et al., 2013; Zeeman, 2015). 

The flux through the MEP pathway is accelerated during the light period, mostly due to 

the photosynthesis-dependent supply of sugars to the pathway and the transcriptional 

regulation of key biosynthetic genes linked to the circadian clock (Mayrhofer et al. 2004, 

Loivamäki et al. 2007, Wiberley et al. 2009, Pokhilko et al. 2015). Experimental analysis, 

coupled with theoretical approaches applied to the regulatory principles of the MEP pathway 

and the associated photosynthetic mechanisms, indicate a possible integration of the isoprene 

synthesis process to carbohydrate metabolism (Kreuzwieser et al. 2002, Karl, Fall, et al. 2002, 

Schnitzler et al. 2004, Magel et al. 2006, Ghirardo et al. 2014, Pokhilko et al. 2015). Diurnal 

variations in G3-P pools were highly correlated with the levels of intermediates of the MEP 

pathway, such as methylerythritol 2,4 cyclodiphosphate (MecDP), deoxylulose phosphate 

(DXP), DMAPP and IPP (Pokhilko et al. 2015), as well as phosphoenolpyruvate (PEP) and 

pyruvate (Magel et al. 2006). By investigating the diurnal changes of metabolite pools in 

poplar leaves it has been noted that variations in carbohydrate content and the DMADP pool 

are associated with changes in photosynthetic rates and isoprene emissions (Magel et al. 

2006). Under light-saturated conditions, higher isoprene emission rates were highly correlated 

with higher starch, triose phosphate and sucrose contents, in addition to the increased 

availability of both ATP and NADPH. However, the use of triose phosphate in the formation 

of isoprene was limited by the conditions that limit photosynthesis. 

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 (Flores-Pérez 

et al. 2010). This gene encodes a conserved WD-protein that functions as a regulator of 

members of the SnRK1 (sucrose non-fermenting1-related protein kinase) family. These 

protein kinases are involved in the modulation not only of sugars and starch in leaves 

(Nemeth et al. 1998) but also of important metabolic enzymes, including the central enzyme 

of the MVA pathway, HMGR (Bhalerao et al. 1999, Flores-Pérez et al. 2010). The mutation 

of the prl1 gene resulted in enhanced availability of MEP pathway substrates, with a 
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concomitant increase in the levels of plastidial isoprenoid pigments. Similar results were also 

found in Arabidopsis wild-type plants growing in medium supplemented with sucrose 

(Flores-Pérez et al., 2010;Télef et al., 2006). It can be deduced from such reports that it is 

possible that the loss of function of prl1 culminates in higher sugar availability that is likely 

redirected to the production of chloroplastic pigments. 

Studies have demonstrated that the sucrose-mediated regulation of the production of 

isoprenoid precursors in plants seems to involve the differential regulation of gene expression 

and enzyme activity, as well as the production of intermediate precursors (Télef et al. 2006, 

Fraser et al. 2007, Flores-Pérez et al. 2010, Rodríguez-Concepción 2010, Hemmerlin 2013). 

Reductions in carotenoids and pigments observed in sucrose-limited conditions were 

associated with a decrease in the hexose pool and changes in gene expression and activity of 

the enzyme phytoene synthase (Télef et al. 2006). Since the syntheses of these isoprenoids 

intermediate competes with isoprene synthesis for the same substrate (Rasulov et al. 2014), it 

is possible that changes in the content and distribution of sucrose between the variety of 

essential isoprenoids may change the function of the MEP pathway and the isoprene synthesis 

rates. 

The generation and biochemical characterization of knockout mutants in bacteria and 

plants has shown possible connections to both C5 sugars (e.g., xylose, xylulose, xylulose 5-

phosphate, and Ru5P) and formation of the DXP intermediate of the MEP pathway 

(Hemmerlin et al. 2006, Kirby et al. 2015). This set of pentose intermediates, together with 

the triose phosphate pool, form part of a large group of interconvertible metabolites often 

called the triose phosphate/pentose phosphate pool (Zeeman, 2015). The pentose phosphate 

pathway is present in both the cytosol and plastids, although in some situations the plastidial 

route is predominant compared with to the cytosolic (Zeeman, 2015). From a cell 

fractionation study, the presence of a complete active set of enzymes of the pentose phosphate 

pathway was identified in chloroplasts of spinach and pea (Schnarrenberger et al. 1995). 

However, in other species, different isoforms the non-oxidative enzymes of the pentose 

phosphate pathway can be found in both compartments. 

4 Chloroplastic and Extrachloroplastic sources 

1.4.1 Linking sources of internal CO2 release and isoprene emissions 

To understand the dynamics of emissions under restricted CO2 conditions is of crucial 

importance, since an increase in extreme events (e.g., high temperature, high light and water 
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stress) can lead to the uncoupling of the photosynthetic process and the synthesis of isoprene. 

Reduction in CO2 availability may affect the photosynthetic processes and consequently the 

availability of substrates for the MEP pathway, there by altering the pattern of isoprene 

synthesis and emission. It has been noted that under conditions of high light and temperature 

and limited CO2 availability, the breakdown of transitory starch or xylem-derived sugars 

(Mayrhofer et al. 2004) might offer an alternative carbon source for isoprene synthesis. In 

addition, it has been shown that internal sources of carbon, such as CO2 molecules released in 

the decarboxylation processes, can enter the chloroplasts and be reassimilated in the Calvin-

Benson cycle (Busch et al. 2013a). Thus, the reassimilated products of internal sources of CO2 

could be redirected to the reactions of the MEP pathway, supporting (at least partially) 

isoprene synthesis and emission under conditions that impair photosynthetic processes 

(Loreto, Pinelli, Brancaleoni, et al. 2004). 

Several metabolic pathways and decarboxylation processes are responsible for the 

release of intracellular CO2, such as respiration, photorespiration, the pentose phosphate 

pathway, the glycolate cycle, and steps in the synthesis of lipids, starch and sucrose (Busch, 

2013; Pärnik et al., 2007; Segura et al., 2013; Tcherkez et al., 2012; Tjellstrom et al., 2015; 

Zeeman, 2015). Naturally, the contribution of each of these processes to the CO2 balance is 

highly variable, depending on the species, its growth stage, and biotic and abiotic factors, 

among others (Sweetlove et al. 2013). In the case of respiration and photorespiration, CO2 

discrimination of these sources is quite complicated, since both processes occur in the 

mitochondria and consume the same cofactors. However, it was found that in C3 plants under 

low [CO2], photorespiration represented 85-89% of total decarboxylation, while respiration 

represented only 11-15% of the total (Pärnik et al., 2007). This suggests that in conditions of 

restricted CO2 (e.g., a CO2-free atmosphere), the decarboxylation reactions of photorespiration 

can be a major mechanism for the production and release of intercellular CO2. 

Though photorespiration can be assumed to be a mechanism for efficient dissipation 

of excess energy (Voss et al., 2013), significant carbon loss may occur due to decarboxylation 

reactions inside the mitochondria (Sage and Coleman, 2001; Sage, 2004; Pärnik et al., 2007). 

However, some species have shown C3 adaptive strategies that aid in the capture and 

reassimilation of the released CO2, increasing the efficiency of carboxylation of Rubisco 

(Pärnik et al., 2007; Sage and Sage, 2009; Busch et al., 2013a). This is the case in species 

such as rice (Oryza sativa) and wheat (Triticum aestivum), where chloroplasts are positioned 

around the chlorenchymatic cells, covering approximately 95% of the periphery that is 

exposed to the intercellular space, creating a physical barrier against efflux of CO2. 
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Chloroplasts in this arrangement are in close association with mitochondria and peroxisomes, 

which are located in the interior of these cells (Kebeis;h et al., 2007; Busch et al., 2013). Such 

arrangement forces the released CO2 to pass through the chloroplast, increasing the chances of 

it being captured and reassimilated in the Calvin-Benson cycle. In fact, estimates of 

photorespiratory rates found that approximately 24-38% of the CO2 released was 

reassimilated within the cell, significantly increasing photosynthetic rates, especially under 

low CO2 concentrations (Busch et al. 2013b). Thus, the CO2 reassimilated could be being 

redirected to the reactions of the MEP pathway, supporting isoprene synthesis and emission in 

conditions of restricted CO2. This assumption is corroborated by Loreto et al. (2004), who 

found a positive relationship between the unlabeled fraction of isoprene emitted and the 

estimated fraction of 12CO2 refixed from mitochondrial respiration in non-stressed leaves. 

 

1.4.2 The relationship between C1 metabolism, photosynthesis and isoprene emissions 

 

In recent years, researchers have indicated that C1 compounds, such as methanol, 

formaldehyde and formate, are involved in the photosynthetic process through conversion 

these compounds to CO2 that is reassimilated in the Calvin-Benson cycle (Cossins, 1964; 

Olson et al., 2000; Schmitz et al., 2000; Song et al., 2013). The relationship between C1 

metabolism and photosynthetic processes is corroborated by the identification of the enzyme 

formate dehydrogenase within the chloroplasts (Olson et al. 2000), where its activity appears 

to be stimulated in the presence of C1 metabolites (methanol, formaldehyde and formate). The 

use of isotopic labeling techniques and analysis of intermediate metabolites has proven an 

effective tool to identify and evaluate the relative contribution of each process as a carbon 

source for photosynthesis (Schmitz et al., 2000; Song et al., 2013; Haupt-herting et al., 2014). 

One example of such an approach is the work performed by Schmitz et al. (2000), where by 

exposing plants to 14C-formaldehyde, they verified that the labeling pattern of 14C in 

photoassimilates was similar to that in plants exposed to 14CO2. In addition, the uptake of 14C-

formaldehyde by Epipremnum aureum and Ficus benjamina was faster in the presence of 

light. 13C nuclear magnetic resonance (13C-NMR) analysis showed that plants treated with 
13C-formaldehyde exhibited13C-formate labeling, followed by an increase in[U-13C] glucose, 

[2-13C]serine and [3-13C] serine in Arabidopsis (Song et al. 2013). It is believed that 

formaldehyde might have been oxidized to formate first and subsequently catalyzed by 

formate dehydrogenase. These results suggest that both C1 metabolism, photosynthesis and 
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the MEP pathway can operate coordinately thought the internal reassimilation of CO2 by the 

Calvin-Benson cycle. 

5 Pyruvate and phosphoenolpyruvate: implications of the effects of different [CO2] 

1.5.1 The origin of pyruvate for the MEP pathway 

 

Pyruvate may be used in several biosynthetic pathways within the plastids, such as 

synthesis of branched chain amino acids (Sciulze-Siebert et al., 1984) and fatty acids that are 

direct precursors of another class of plant VOCs such as 1-hexanal, cis-3-hexenol, nonanal 

and methyl jasmonate formed by the lipoxygenase (LOX) pathway (Schwender et al. 

2004;Dudareva et al., 2013). The origin of the pyruvate used in the MEP pathway is under 

extensive discussion. Some evidence has suggested that its formation occurs within the 

plastids, while other studies indicate that it can be imported from the cytosol. 

Throughout the years, it has been debated whether photosynthetically active 

chloroplasts lack a complete glycolytic cycle capable of converting the phosphorylated 

intermediates to PEP and pyruvate (Stitt and Ap Rees 1979, Plaxton 1996, Givan 1999, 

Prabhakar et al. 2009, Bayer et al. 2011, Mininno et al. 2012). The enzymes phosphoglycerate 

mutase (PGL) and enolase (ENO) catalyze two consecutive reactions, the first converting 3-

phosphoglycerate (3-PGA) to 2-phosphoglycerate (2-PGA) and the second converting 2-PGA 

to phosphoenolpyruvate (PEP). Stitt and ap Rees (1979), based on enzyme detections, 

concluded that isolated chloroplasts of Pisum sativum contained all the enzymes required to 

metabolize the products of starch breakdown, with the ability to convert 2-phosphoglycerate 

(2-PGA) to pyruvate. More recently, two independent studies (Prabhakaret al. 2010; Roman 

et. al. 2011) identified and characterized the enzymes PGL and ENO in different tissues, but 

not in photosynthetic tissues (Prabhakaret al. 2010). However, in chloroplasts of Pisum 

sativum, the presence of PGL had been confirmed (Bayer et al. 2011). 

Some experimental evidence suggests that the increase in availability of pyruvate inside 

the chloroplasts can occur in different ways: 1) by export of cytosolic PEP through a 

PEP/phosphate translocator (TPP) (Fischer et al, 1997); 2) via a plastidic glycolysis involving 

PGL and ENO (Prabhakar et al, 2010; Roman et al, 2011); 3) production of plastidic pyruvate 

through the action of the enzyme pyruvate orthophosphate dikinase (PPDK) (Voll et al. 

2003); and 4) from plastidic pyruvate through the action of the enzyme pyruvate kinase (PK) 

(Tcherkez et al., 2011). It has been reasoned that PEP can be converted to pyruvate through 
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glycolytic reactions and used as substrate for respiration or transported into the plastids via a 

specific PEP/Pi translocator (Fischer et al. 1997) and then converted to pyruvate by plastidial 

pyruvate kinase activity (Givan 1999). As mentioned above, it is possible that glycolysis in 

chloroplasts might proceed up to 2- phosphoglycerate, but not from 3-phosphoglycerate to 

PEP and pyruvate. This is supported by the lack of identification of the ENO enzyme inside 

the chloroplasts or, if present, its low activity (Stitt and Ap Rees 1979, Prabhakar et al. 2010). 

This evidence suggests that input of PEP into the chloroplast most likely occurs via the 

PEP/Pi translocator (Fischer et al. 1997, Weber and Linka 2011). The input of PEP into the 

stroma and its subsequent conversion to pyruvate could provide a carbon source for the 

synthesis of isoprene (Rosenstiel et al. 2003, Possell and Hewitt 2011, Trowbridge et al. 

2012). Despite this circumstantial evidence, there are many uncertainties surrounding the 

mechanisms of formation of pyruvate in the chloroplast, particularly in gene expression and 

relative activities of the key glycolytic enzymes PGL, ENO and PK in different plant species. 

Hence, further studies are needed to clarify PEP transport mechanisms and the site of 

pyruvate formation and its use in the biosynthesis of isoprene. 

 

6 How might phosphoenolpyruvate be related to isoprene synthesis? 

 

Phosphoenolpyruvate (PEP) is a central metabolite in plant metabolism, being rich in 

energy and occupying an important position in the thermodynamic scale known as a 

phosphorylated metabolite. Notably, it has an important role in plastidic and cytosolic 

processes of plant cells. It is also considered an allosteric effect plant enzymes, as well as a 

significant branch point that leads to a variety of primary and secondary metabolic pathways. 

It is important to mention that it is involved in at least four major metabolic pathways 

(Prabhakar et al, 2010; Flügge et al, 2011; Dizengremel et al, 2012).  

The first pathway involved in the function of PEP is mitochondrial respiration (associated 

with the enzymes PEP carboxylase and pyruvate kinase), a process that leads to oxidation of 

organic acids and the release of ATP and NAD. The second is the shikimic acid pathway, 

initiated in the chloroplast by condensation of PEP with erythrose 4-phosphate to form the 

second largest class of plant VOC emissions, the phenylpropanoid and benzenoid compounds 

(Knudsen aromatic amino acids (Dudareva et al. 2013). This same pathway can compete for 

carbon allocation with the MEP pathway because approximately 30% of recently assimilated 
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carbon is directed to the production of the precursor phenylalanine, which is widely used in 

synthesis of lignin (Razal et al., 1996). The third pathway involves the anaplerotic reactions 

that start with the activity of PEP carboxylase, replacing some intermediates consumed in the 

tricarboxylic acid (TCA) cycle through oxaloacetate and/or malate and the subsequent use of 

citrate and/or 2-oxoglutarate for amino acid synthesis (Werner et al., 2011). Last but not least, 

the fourth pathway is related to the formation of isoprenoids (MEP) in chloroplasts. 

The partitioning of PEP and other metabolites is the result of continuous monitoring of the 

status of various pools of metabolites located in both the cytosol and the chloroplast that is 

directly regulated by multiple enzymes. The flow of cytosolic PEP is strongly associated with 

PEP carboxylase activity (Nimmo, 2003; Plaxton and Podesta, 2006). Essentially, the enzyme 

regulates the reversible phosphorylation of a single serine residue near the N-terminus of the 

polypeptide. The phosphorylation of this residue enhances its sensitivity to some positive 

allosteric effectors, such as glucose-6-phosphate (Chollet et al, 1996; Vidal and Chollet 1997; 

Nimmo, 2003). It is believed that glucose-6-phosphate increase the apparent affinity of PEP 

carboxylase for PEP, decreasing the Michaelis–Menten kinetic constant (Km) value for this 

substrate. Furthermore, the enzyme activity is strongly influenced by variations in light, 

temperature and [CO2]. Light levels may control the phosphorylation of the enzyme, as the 

final ratio of the phosphorylated to unphosphorylated enzyme levels depends on irradiance 

(Bakrim, et al. 1992). Moreover, temperature and [CO2] directly affect the activities of 

cytosolic enzymes as well as formation of assimilates and export of intermediates. The 

increase in sucrose export (e.g., at high [CO2]) elevates the levels of glucose-6-phosphate in 

the cytosol, thereby increasing the flow of PEP. 

Alterations in the relations between metabolic processes in plants may be stimulated 

by growth conditions. These alterations can lead to increases in the metabolic flux in favor of 

one pathway and against another. For instance, the exposure of plants to different [CO2] has 

opposite effects on net photosynthetic and isoprene emission rates. Several studies have 

demonstrated that photosynthetic rates are stimulated with increasing [CO2], while emissions 

of isoprene are negatively affected. The synthesis of isoprene is rarely limited by recently 

assimilated carbon, since the flow of photosynthetic CO2, measured on a scale of µmol m-2 s-1, 

is more than sufficient to sustain the emission of isoprene, which is generally measured in 

nmol m-2 s-1. Changes in isoprene emissions under elevated [CO2] may be due to increased 

competition for PEP by cytosolic and chloroplastic processes and/or to isoprene synthase 

enzyme activity (Rosenstiel et al., 2003; Loreto et al., 2007; Trowbridge et al., 2012). CO2 

levels have strong influence on PEP carboxylase activity and consequently on the size of the 
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PEP pool, stimulating the activity of the enzyme, which can create the same sink for PEP, 

allowing its conversion to pyruvate and its transport into the mitochondria. Therefore, the 

stimulation of PEP carboxylase decreases the content of cytosolic PEP, affecting carbon 

transport into chloroplasts. Possell and Hewitt (2011) observed higher activity of PEP 

carboxylase under high [CO2], while isoprene emission showed the lowest values. They 

attributed this response to a decrease in DMAPP contents and isoprene synthase (IspS) 

activity, whereas the concentration of DMAPP showed a more pronounced decrease with the 

increase in [CO2] than did IspS activity. Beyond these findings, the use of PEP carboxylase 

inhibitors resulted in an increase in isoprene emission rates (Rosenstiel et al., 2003), 

reinforcing the hypothesis that the isoprene synthesis and emission are responsive to the 

availability of cytosolic PEP. 

1.6.1 Partitioning carbon under the influence of CO2 

 

The biochemical mechanisms responsible for the decoupling between photosynthesis and 

isoprene synthesis under increased [CO2] are not yet fully understood, but it is believed that 

this decoupling may be linked to changes in the partitioning of carbon to the MEP pathway. 

The application of fosmidomycin to the tree species Acacia nigrescens growing under low 

(194 ppmv CO2) and high CO2 concentrations (604 ppmv) resulted in emission rates similar 

to those of plants growing under ambient CO2 (377 ppmv) (Possell and Hewitt 2011). This 

suggests that differences in CO2 emissions between the treatments are related to changes in 

the availability of pyruvate and G3-P for the MEP pathway. 

One means of understand how changes in [CO2] affect the synthesis of isoprene is to 

evaluate the contributions of different carbon sources under various CO2 regimes. Studies of 

isotopic labeling of 13CO2 and the movement of 13C through the precursors of the isoprene 

biosynthetic pathway have contributed to a better understanding of what sources of carbon are 

involved in the synthesis of isoprene and how they participate. The development of 

techniques such as proton-transfer-reaction mass spectrometry (PTR-MS) has aided in 

evaluation of the kinetics of labeling, not only the isoprene molecule, but also the fragment 

with pyruvate as its carbon source. A specific fragment of the isoprene molecule (M41+), 

known as methyl vinyl, has been successfully used in the identification of these carbon 

sources. The fragment contains two carbon atoms derived from cytosolic pyruvate and one 

carbon atom of G3-P (Karl et al, 2002). 



45 
 

To investigate the kinetics of labeling of recently assimilated carbon (13CO2) in 

isoprene molecules, Trowbridge et al. (2012) considered the effects of different atmospheric 

[CO2] on the partitioning of carbon for isoprene biosynthesis. Slow incorporation of 13C was 

observed in isoprene molecules derived from the methyl vinyl fragment, suggesting that 

pyruvate-derived carbon may have been imported from the cytosol. Plants growing under low 

[CO2] had higher rates of isoprene emission and, when fed with 13C, had faster 13C 

incorporation into isoprene molecules than plants growing under ambient and elevated [CO2] 

conditions. While the 13C pools for isoprene production in plants grown under low [CO2] 

showed faster rates of initial labeling, plants grown under high ambient [CO2] had higher 

proportions of isoprene molecules fully labeled with 13C. The higher photosynthetic rates 

observed under elevated [CO2] may have been sufficient to cause the low emissions of 

isoprene, compared to plants growing under low [CO2]. The low availability of CO2 leads to 

the lowest photosynthetic rates, below the margin required to support high rates of isoprene 

emission. This may have forced a larger involvement of stored carbon sources for isoprene 

synthesis. The authors conclude that plants growing under CO2-limited conditions have more 

dependence of extrachloroplastic carbon source and indicate that pyruvate imported from the 

cytosol, and/or synthesized from cytosolic PEP, can contribute as a source of substrate to 

support the reactions of the MEP pathway. 

Rasulov et al. (2009) suggested that the response of isoprene emission to different 

regimes of CO2 is due the availability of energy cofactors. It is known that under conditions 

of high [CO2], the photosynthetic process is stimulated by the increase in [CO2], and in the 

Rubisco active site is stimulated, inducing a great demand for both ATP and NADPH in the 

Calvin cycle. Previous studies have demonstrated that levels of ATP are lower at high [CO2] 

(Delwiche and Sharkey, 1993), which could lead to a limitation on these energy requirements 

in the synthesis of isoprene. However, if the limitations of isoprene emissions at high [CO2] 

are explained only by the low availability of energy cofactors, patterns of 13C labeling 

(Trowbridge et al., 2012) in the isoprene molecules from different [CO2] would be quite 

similar, which differs from previous observations (Trowbridge et al. 2012). 

Isoprene plays a key role in mediating the oxidative state of plants (Jardine et al. 

2013). The increase in isoprene emissions under normal conditions or its decrease in high-

CO2 atmospheres could be advantageous in stressful circumstances. This advantage, 

especially during the glacial age, when [CO2] were reduced, may have been one explanation 

for the appearance of isoprene-emitting plants (Monson et al, 2013; Dani et al, 2014.). The 

increase in atmospheric [CO2] favoured the photosynthetic process, minimizing the biological 
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and ecological necessity of isoprene. However, when the emission rates under elevated [CO2] 

are considered within the context of growth of the whole plant, including increases in biomass 

and leaf area, the net effect may counterbalance the negative effect on leaf isoprene emissions 

rates (Possell and Hewitt, 2011). 

 

7 Cross-flow between the Mevalonic acid and MEP pathways: possible carbon 

supplementation for isoprene synthesis 

 

Plastids may communicate and coordinate their functions with several other cellular 

compartments, and these functions depend on supplementary metabolites (Zeeman, 2015). 

Both the MEP and mevalonic acid (MVA) pathways can contribute to isoprene synthesis. The 

use of mass spectrometry has contributed to determination of the relative contributions of 

each of these pathways to the formation of some classes of isoprenoids. It was found that the 

MVA pathway contributed to approximately 50% of the labeled precursors of monoterpenes, 

40% of the phytol chain of chlorophyll and 50%of β-carotene, all of which are compounds 

related to the MEP pathway. With respect to products generally related to the MVA pathway, 

the MEP pathway contributed to approximately 33% of labeled precursors for the synthesis of 

sesquiterpenes, 50% of the C25 heliocide terpenoid aldehydes and approximately 20% of 

sitosterol molecules (Opitz et al. 2014). These observations demonstrate the active 

participation of both pathways in biosynthesis of compounds related to both the primary and 

secondary metabolism of plants. 

The involvement of both pathways for isoprenoid synthesis requires a high rate of 

transport of some intermediates between the cytosol and chloroplast, but the identities of these 

intermediates are not completely elucidated. Both the MVA and MEP pathways are 

responsible for the formation of C5 intermediates, isopentenyl diphosphate (IPP) and its 

isomer DMADP. Although these pathways operate independently in plants, there is evidence 

that these intermediates can travel between the two pathways (Karl et al., 2002; Yang et al, 

2012; Bentley et al, 2014; Opitz et al, 2014). Bick and Lange (2003) performed the 

biochemical characterization of the plastid membrane transporter involved in the export of 

intermediates of isoprenoid synthesis. This transporter efficiently carrier IPP and geranyl 

diphosphate (GPP), possibly via a proton symport mechanism (Flügge and Gao, 2005) 

regulated by Ca2+ and membrane gradient. Lower transport rates were observed for the 
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substrates farnesyl diphosphate (FPP) and DMADP. It was demonstrated that the transport 

mechanisms are different from those of known plastidic IPP carriers (Flügge and Gao, 2005). 

Their transport does not appear to be driven by exchanges with phosphorylated compounds 

(e.g., inorganic phosphate) on the opposite side of the membrane and thereby does not 

proceed via antiport. However, transport of IPP 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 

IPP, rather than acting as substrates for an antiport exchange mechanism (Flügge and Gao, 

2005). 

Another compound that appears to be transported to the chloroplast is the 1-deoxy-D-

xylulose 5-phosphate (DOXP) formed by the pentose phosphate pathway in the cytosol. This 

observation is based on the discovery of a plastidial transporter for the pentose phosphate 

pathway, the xylulose 5-phosphate (XPT) carrier, belonging to the family of plastid phosphate 

transporters (Flügge, 1999). DOXP seems to be transported against its concentration gradient 

through antiport mechanisms. In addition to the XPT, the transport of DOXP may be 

mediated, to a minor extent, by carriers such as the glucose-6-phosphate/phosphate (GPT), 

triose phosphate/phosphate (TPT) and phosphoenolpyruvate/phosphate (TTP) transporters 

(Flügge and Gao 2005). It seems that the import of terpenoid precursors into the plastid is less 

efficient. For example, blockage of the MVA pathway using the inhibitor lovastatin resulted 

in an increase in production, or perhaps in reduced catabolism, of both carotenoids and 

chlorophyll, which are synthesized by the MEP pathway. In contrast, when the specific 

inhibitor fosmidomycin was added, a dramatic reduction in chlorophyll and carotenoid levels 

could be observed, increasing the levels of sterols in the cytosol (Laule et al., 2003). 

However, 96 hours after the addition of lovastatin, the cytosolic and chloroplastic levels of 

metabolites were significantly lower in fosmidomycin-treated than in control samples. The 

ability to compensate for metabolic imbalance seems to favour cytosolic isoprenoid 

biosynthesis, rather than the metabolites formed from the MEP pathway, indicating that the 

MEP pathway can equilibrate the levels of IPP and/or DMADP required for sterol 

biosynthesis in the cytosol. 

Despite some evidence of transport of IPP and/or its isomer, DMADP, into the 

chloroplasts and the use of these phosphorylated compounds in the MEP pathway (Laule et al, 

2003; Loreto et al, 2004b; Hemmerlin et al, 2012; Vranovà et al, 2013; Bentley et al, 2014), 

the contribution of these cytosolic intermediates to the synthesis of isoprene is still unclear. 

Under a supply of 13CO2, 26% and 38% of the contents of DMADP were labeled with 13C in 
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mature leaves of Populus nigra and Phragmites australis, respectively. Similar patterns were 

found in isoprene molecules (Loreto et al. 2004b). However, leaves feds with fosmidomycin 

had less or no incorporation of13C into DMADP, while the fraction of 12C increased 

significantly, especially in Populus nigra. The presence of 12C in both DMAPP and isoprene 

was associated with the fraction calculated of 12CO2 reassimilated from respiratory processes 

in the mitochondria. 

 

8 Ontogenetic effects on carbon allocation 

1.8.1 Alterations in leaf isoprene emission over the course of plant life 

 

Changes in subcellular metabolite levels occur independently in different cell 

compartments, and their distribution is linked to the growth conditions and developmental 

stages of plants (Gerhardt and Heldt 1984, Gerhardt et al. 1987, Kölling et al. 2015). The 

proportion of carbon that is addressed to the MEP pathway can alter over the course of plant 

life. Throughout leaf development, an inverse relationship between dark respiration and 

isoprene emissions has been observed due to competition between respiratory and 

chloroplastic process for the same substrate (Loreto et al. 2007). For example, during leaf 

expansion, high respiratory rates are observed, due to the large production of intermediate 

metabolites for leaf growth. The high carbon investment in plant growth decreases the 

allocation of substrates to synthesis of secondary metabolites such as isoprene, explaining the 

lower rates of isoprene emission found in young leaves (Alves et al. 2014). Allocation of less 

carbon to the MEP pathway decreases formation of DMAPP, the direct substrate of isoprene 

synthase. This enzyme has a low affinity for its substrate, which implies a maximum catalytic 

efficiency only at high concentrations of DMAPP (Kuhn et al. 2004). 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 (Alves et al. 

2014). 

9 CONCLUDING REMARKS AND FUTURE PROSPECTS 

 

In this review, we consider that the biotechnological importance of isoprenoids is still 

growing, even though the vast majority of these compounds have already been used for 
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production of biotechnological and agronomic products that are used in the food, 

pharmacological, and cosmetic industries, adding considerable commercial value to 

isoprenoids. In addition, insights from natural production of these compounds have clearly 

demonstrated their emerging application in production of both renewable fuels and chemicals. 

We highlight advances in discoveries of the effects of isoprenoids on plant life, especially in 

forests, and their ability to promote energy dissipation in leaves and to establish 

thermostability in cell membranes. We also discuss their metabolic connections to processes 

such as photosynthesis, respiration, the pentose phosphate pathway or extra-chloroplastic 

transport and flow of molecules, all of which generates a metabolic cost of approximately 2 to 

5% of the assimilated C. Therefore, we suggested that alternative carbon sources associated 

with isoprene emissions should mitigate this cost. Finally, there remain many very interesting 

questions about which little is known for the future of isoprene research. 
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FIGURE 

 

 

Figure 0.1The spatial arrangement of cell metabolism integrating the MEP pathway with associated 

pathway and metabolite intermediate. 
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Abstract 

 

Isoprene is the most abundantly emitted reactive biogenic compound by vegetation. It plays a 

significant role in modulating atmospheric composition besides conferring adaptive 

advantages to the emitting species against biotic and abiotic stress. Biogenic isoprene 

emissions are controlled by temperature, light and CO2 concentration ([CO2]). Given the 

global increases in temperature and [CO2], mechanistic incorporation of environmental 

conditions is of crucial importance for developing accurate isoprene emission models under 

globally changing environmental conditions. We propose a new approach to explain the 

mechanisms of control the effect [CO2] and light on isoprene synthesis and compared the two 

widely used Niinemets model and G93 developed by Guenther co-workers. We represent 

quantitatively from of process-based models (energetic status model) the effect of high [CO2] 

and light on the fraction of electrons allocated for carbon assimilation and isoprene synthesis. 

Additionally, we determine the degree of between vs. within model variation from the 

comparison between Niinemets and G93 model. We show that energetic status model is able 

to reproduce changes in isoprene emission induced by changes in [CO2] and light. The 
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observed tendency of (isoprene/photosynthesis) to increase with increasing light and the 

observed increase in quantum yield for isoprene emissions with decreasing [CO2]. Improving 

the understanding of this mechanistic basis of isoprene emission could be of great benefit for 

the improvement the accuracy the future of isoprene emissions under different scales and 

environmental conditions. 

Keywords: Amazon, Inga edulis, modeling, photosynthesis, volatile organic compound 
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1 INTRODUCTION 

 

According to the Intergovernmental Panel on Climate Change (2007), the 

concentration of atmospheric CO2 levels [CO2] is predicted to rise from current 400 µmol 

mol-1 to about 730 to 1020 µmol mol-1 up until 2100. The increase in [CO2], coupled with the 

continuous accumulation of greenhouse gas in the atmosphere may lead to an increase in the 

average global temperature around 2.4°C to 6.4°C by the end of the century 

(Intergovernmental Panel on Climate Change, 2007). Such changes can have direct impacts 

on the structure and functioning of terrestrial ecosystems (i.e. photosynthesis, respiration, 

transpiration, phenology and nutritional aspects) within large range temporal-spatial scale 

(Saxe et al., 2002;Field et al., 2007; Niu et al., 2008; Richardson et al., 2013). Some studies 

have indicated that the increase in [CO2] and temperature may result in important implications 

on the emission capacity of the volatile organic compounds (VOC) emissions between plants 

and their multiple physiological and ecological functions in the plant kingdom (Pacifico et al., 

2009; Holopainen, 2004; Sharkey and Monson, 2014; Gould et al., 2015). Among the range 

of VOCs emitted by the terrestrial vegetation, the isoprene is central due to its effects on the 

atmospheric lifetime of methane, the burdens of tropospheric ozone and growth of secondary 

organic aerosol, thus there is need to be taken into account for assessment of anthropogenic 

air pollution-climate change interactions (Lelieveld et al. 2008, Heald et al. 2009, Young et al. 

2009, Jardine et al. 2012). Moreover, it has been shown that high CO2 conditions can reduce 

the beneficial effects of emission biogenic of isoprene, decreasing metabolic and 

physiological differences between the emitting and non-emitting species (Way et al. 2013). 

This impact may compromise plants' ability to recover from recurring heat episodes projected 

for the future, with important consequences on the distribution and composition of species 

(Pacifico et al., 2009; Sharkey and Monson, 2014; Gould et al., 2015). 

The Amazon tropical forest has been considered as the main source of isoprene to the 

atmosphere, in consequence the year-long warm temperatures, high levels of radiation and 

relatively high emission potentials assigned to tropical vegetations (Guenther et al. 2006, 

Arneth et al. 2011). Much of the research in the Amazon region goes on measures of 

concentration and estimation of isoprene flow (Lelieveld et al. 2008, Barkley et al. 2009, Liu 

et al. 2016). Most times, these estimates are made through empirical observations based on a 

small percentage of existing species in tropical regions (Lerdau and Keller 1997, Harley et al. 

2004, Singh et al. 2007, Bracho-Nunez et al. 2013, Jardine et al. 2016). However, 
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measurements the leaf level coupled to the biosynthetic processes of isoprene are still scarce 

and the effects of the environment on these processes are still poorly understood. Several 

models and simulations with experimental data have provided very realistic results on the 

effect of environmental factors on emission rates, but are often complex, highly empirical and 

require separate responses to different environmental drivers.  

Despite general agreement between models under the present climate, simulations of 

future isoprene emissions, and their potential impact on atmospheric chemistry, change 

dramatically depending on the temperature and light responses of the model (Keenan et al., 

2009) and whether or not the model includes a physiological response of isoprene emission to 

CO2 (Young et al., 2009; Heald et al., 2009; Pacifico et al., 2012). Given the continuously 

increasing atmospheric CO2 concentration and its impact on future temperature, we need to 

understand the processes behind observed responses, and use that understanding to build 

better models. The identification and better understanding of these key points isoprene 

synthesis regulation could bring essential to improve the accuracy of estimates of regional 

models and/or global emission and also determine on the relative contribution of the Amazon 

forest in the VOCs flow, as well as the possible consequences of that effect on climate. 

The principal mechanisms of regulation of synthesis and isoprene emission are 

strongly controlled by light, temperature, water supplementation and concentration of CO2 

([CO2]). Much of this control is due to the close relationship between the isoprene 

biosynthetic reactions and the photosynthetic process. The isoprene synthesis reactions 

require large amounts of ATP and NADPH produced in the photochemical stage. 

Furthermore, about 70-90% of the carbon skeletons of isoprene molecules are come from the 

new carbon assimilation in the Calvin cycle (Delwiche and Sharkey 1993, Karl, Fall, et al. 

2002, Loreto, Pinelli, Manes, et al. 2004), values that fall for 15-50% under limiting 

conditions for photosynthesis (Kreuzwieser et al. 2002, Harley et al. 2004), despite the 

increase in emission rates. The isoprene can confer adaptive advantage the plants emitting 

under different stress conditions. (Sharkey et al., 2008; Way et al., 2011; Holopainen, 

2013;Loreto et al., 2014; Brunetti et al., 2015). Experimental evidence has demonstrated that 

isoprene can act as a mechanism of excess energy dissipation (Sharkey et al. 2008), confer 

enhanced stability of biological membranes (Velikova et al. 2015) and act directly against 

reactive oxygen species (Jardine et al. 2013; Possell and Loreto, 2013). 

Some modelling approaches have made more direct use of the limited available information at 

the biochemical process level, e.g. SIM-BIM (Zimmer et al., 2000, 2003) and the models of 

Niinemets et al. (1999b) and Martin et al. (2000). Aside from the model from Martin et al. 
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(2000), which has an ATP limitation for isoprene production at high Ci, all these models need 

an empirical parameterization in order to reproduce the observed CO2 response. This is 

potentially quite a severe limitation because there may be unforeseen interactions between the 

effects of different environmental drivers. Empirical models such as MEGAN include a 

multiplicity of functions for each environmental response of isoprene emission. More 

mechanistic approaches such as SIM-BIM, on the other hand, require information on many 

parameters. This might also be an issue because there is a generally accepted trade-off 

between the multiplicity of required parameter values and model robustness. I set out to 

identify a unifying principle that might transcend these limitations. 

Process-based isoprene emission algorithm leaf levels are based on biochemical 

processes of the synthesis of isoprene from photosynthetic carbon assimilated and/or redox 

equivalents and electrons availability (Niinemets et al. 1999, Zimmer et al. 2000, Grote et al. 

2006, 2014, Wilkinson et al. 2009, Morfopoulos et al. 2013, 2014). The original Niinemets et 

al. (1999) model assumes that the rate-limiting step is the production of DMADP from ATP 

and NAPDH, which are in turn limited by the rate of electron transport within the chloroplast. 

Another recent model developed (Morfopoulos et al., 2014) (known as leaf energetic status) is 

based balance between the supplementation of photosynthetic reductive power and the 

demand for carbon fixation and photorespiration. This model has been used as a way to 

evaluate the effect of CO2 on the electron fraction used for the synthesis of isoprene. This 

model was initially proposed in Harrison et al. (2013), builds on Niinemets’ work but differs 

in one fundamental respect: it links isoprene emission to the electron availability for isoprene 

emission, relative to the needs of carbon assimilation. Therefore, the model predicts higher 

isoprene emissions when absorbed radiant energy (leading to the ’supply’ of NADPH) 

exceeds the ‘demand’ forCO2 assimilation. An excess of energy arises because of a mismatch 

between light availability and carboxylation capacity, which typically occurs daily – 

especially at high PPFD, associated high temperature and under water stress. The output 

parameters leaf photosynthesis model the Farquhar forms the core of the leaf energetic status 

model routine. The model of C3 leaf photosynthesis assume that photosynthetic rate could be 

limited by one of three factors (Farquhar et al., 2001), activity of Rubisco, the regeneration of 

RuBP or limitation by triose phosphate (TPU). 

We compare the model’s predictions of observed environmental responses of isoprene 

emission to simultaneous changes in PPFD and the leaf-internal concentration of CO2 (Ci) 

with those obtained with the Guenther et al. (1993) algorithm, hereafter called G93, which is 
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the basis of the widely used MEGAN model (Guenther et al., 2006, 2012); and the model of 

Niinemets et al. (1999b), hereafter called the Niinemets model. We highlight the sources of 

uncertainties in simulation of isoprene emissions and to determine the degree of variation 

between to each models tested in Neotropical Inga edulis species. The model simultaneously 

predicts the fundamental responses observed in short-term experiments and the decoupling 

between carbon assimilation and isoprene emission under high [CO2]. We observed a 

continued increase in isoprene emission with photosynthetic photon flux density (PPFD) at 

high PPFD, after carbon assimilation has saturated. In addition, maximum isoprene emission 

was observed at low internal CO2 concentration (Ci) and an asymptotic decline thereafter with 

increasing Ci. We consider also the observed environmental responses of isoprene emission 

and also the ratio of isoprene emission to carbon gross assimilation (Isoprene 

emissions/Agross), which is a sensitive indicator of the allocation of reducing power to the 

MEP pathway versus the Calvin-Benson cycle.  

 

2 Material and methods 

1.2.1 Plant material and experimental set up 

 

The experiments were conducted with the tree Neotropical species Inga edulis. The 

measurements were performed at the National Institute for Amazon Research (INPA) in 

Manaus, Brazil (3°8'S, 60°0'W) between Augusts to October in the succeeding three years 

(2014-2016). During the experimental period in Manaus the average daily air temperature 

reached was about 34ºC while average monthly precipitation was below of 100 mm and the 

relative humidity around of 70% (http://www.inmet.gov.br). 

The trees grew under full sun conditions, and for experiments small branches were cut 

and recut under water in the morning and transported to the laboratory for analysis. The 

sampled branches detached were in the upper third of the individuals, with fully-expanded 

leaves exposed to direct sunlight and without any evidence of mechanical injury or herbivore 

and pathogen damage. The leaf measurements were conducted between 09:00-17:00 hrs. The 

species maintained high transpiration rates throughout the experimental period after following 

branch detachment, without any incidence of embolism or cavitations. Leaves from at least 

three to nine individuals were measured.  
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1.2.2 Leaf gas exchange analyses, Fluorescence measurements and isoprene emission rates 

 

In I. edulis, we used a Li-Cor 6400 portable open gas exchange system (LI-Cor, Inc., 

Lincoln, NE, USA) for simultaneous measurements of leaf gas exchange and isoprene 

emission rates. Before and after each measurement, empty leaf cuvette was measured to 

analyze the background concentrations of isoprene, and thereafter to calculate the foliar 

emission rates. During the background measurements, the cuvette was kept under the same 

environmental conditions. No significant variation in the background of isoprene was found 

during the measurements. All measures of emission rates for isoprene and net assimilation 

was performed simultaneously with gas exchange and fluorescence measurements with the 

GC-MS to both set experimental.  The gas exchange and fluorescence measurement were 

performed under 21% and 2% O2 on the same portion of the leaf in order the allowing 

additional information about physiological parameters. For the measurements under 2% O2, a 

gas cylinder containing a mixture of 2% O2 and 98 % N2 was used. Gas from the cylinder was 

humidified and supplied to into the gas exchange system. The CO2 diffusion through the 

gaskets had been well-known source or error in portable photosynthesis systems (Flexas et al. 

2007). In the current study the leaks were adequately reduced through of the method 

employed by Boesgaard et al. (2013). This example for the diffusion correction can be 

obtained from supporting material provided by Bellasio et al. (2015).The infrared gas-

exchange analyzer system was equipped with a leaf chamber fluorimeter with 2 cm2 area. The 

fluorescence was measured providing intensity modulated beam of 7 and 20KHz set at 630 

nm using a filter 5 Hz with gain factor for the fluorescence signal of 10. To fully reduce QA 

pools a rectangular flash was set provides a saturating pulse of light intensity 9 set (~8,000 

µmol photons m-2s-1) for a short duration 0.5 s of wavelength 470 - 630 nm. Far-red radiation 

was supplied for the determination of minimum fluorescence (F0’) at the steady state 

photosynthesis. The leaves were adapted to values of photosynthetic photon flux density at 

leaf level (Q) of 1000 µmol m-2 s-1 with a 10% fraction of blue light to maximize stomatal 

aperture. Thus, from light-adapted leaves, the actual photosystem II efficiency (ΦPSII) was 

determined by measuring steady-state fluorescence (Ft) and maximum fluorescence during a 

light-saturating pulse (Fmʹ).  

Before each experiment, the leaf was enclosed in the gas exchange system and left 

under baseline conditions until net assimilation (A), stomatal conductance (gs) and internal 

CO2 concentration (Ci) stabilized (typically 25–30 min). The baseline conditions inside leaf 
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cuvette included gas concentration of 21% O2 and CO2 concentration (Ca) 400 µmol mol-1, 

relative humidity around 60% ± 5 and 30 ºC temperature and 1000 µmol m-2 s-1 Q. After the 

period acclimation of leaves, different types of net assimilation and isoprene emissions 

response to short-term changes in environmental factors were performed. The data were 

recorded when isoprene emission rates had stabilized. After the period of acclimatization 

different types of response curve were applied: the light-satured net photosynthesis vs 

intercellular CO2 concentration (Ci) (A/Ci); light response curve of net assimilation under 

different CO2 concentration (A/Q). The photosynthetic characteristics using gas exchange-

fluorescence datasets were calculated with aid the Excel spreadsheet provided by Bellasio et 

al. (2016), as described below. 

1.2.3 Calibration relationships 

 

The apparent ΦPSII, was calculated as: ΦPSII = (F’m-Ft)/F’m, following the procedures 

described in Genty et al. (1989). Then, an empirical linear relationship between A and 

(ΦPSIIQ)/4 was established under non-photorespiratory (2% O2), and a calibration factor for 

fraction of Q harvested by PSII can be determined based in approach Yin et al. (2009): 

 
(1) 

 

where s is the slope of the regression, and the intercept is the light respiration rate (Rday) in 

which was obtained indirectly from combined gas exchange and chlorophyll fluorescence 

measurements concurrently fit under 21% and 2% O2 across a range of low irradiances, as 

described in (Yin et al. 2011): 

 

 
(2) 

 

In lines with the calibration of Yin et al. (2009), the maximum quantum yield for 

electron transport Y(J)was calculated as: Y(J) = s(ΦPSII)LL, where (ΦPSII)LL represents the 

maximal photochemical yield of PSII calculated as the y-intercept of the function linear fitted 

to ΦPSII plotted against Q from the initial light-limited portion of the light response curve. The 

electron flow cost for photorespiration (Jo) and photorespiration rate (Rp) was obtained 

according to Valentini et al. (1995), 
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(3) 

 

 
(4) 

 

1.2.4 CO2 response curves of net assimilation and isoprene emissions 

 

The species were subjected to short-term changes Ci under light saturated value of net 

assimilation rate (1500 µmol photons m-2s-1) and 30 ºC temperature to verify the response 

isoprene emissions pattern and photosynthetic characteristics. For each leaf, the CO2 

concentrations inside cuvette to generate the A/Ci response curve were: (400 → 100 → 50 → 

100 → 150 → 250 → 350 → 400 → 475 → 550 → 650 → 750 → 900 → 1000 →1350 → 

1700 → 2000). The A/Ci curve started at Ca of 400 µmol mol-1 up until steady state of the 

isoprene emissions is reached (baseline conditions). After this period, Ca was decreased 

stepwise to 100 µmol mol-1, kept at this value for five minutes (without recorded), following 

then by a decrease to 50 µmol mol-1. Upon completion of the measurements at low Ca, the 

CO2 concentration returned to 400 µmol mol-1 to verify if the A was restored in relation to the 

first point measured. In the next step, Ca was increased stepwise to 2000 µmol mol-1, totalling 

15 different Ca points recorded. At every Ca, the values of A, isoprene emissions were 

recorded during 10 minutes after the establishment of apparent steady state. 

1.2.5 Light response curves of net assimilation and isoprene emissions 

 

Various light levels were applied sequentially under three different Ca values (200, 400 

and 1000 µmol mol-1). The sequence values of PPFD were: (1000→ 1500→ 2000→ 1800→ 

1500→1000→ 750→ 450→ 300→ 200→ 150→ 100→ 75→ 50 →25→ 10→0). The 

A/PPFD curve started at light intensity of 1000 µmol m-2 s-1 (baseline conditions) increased 

stepwise to 2000 µmol m-2 s-1 (~ five minutes for each light level). Upon the record under 

highest light intensities the irradiance was decreased stepwise to zero value. The A/Q response 

curve consisted of 15 different PPFD level used. At every PPFD, the values of A, isoprene 

emissions were recorded also during 10 minutes. 
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1.2.6 Parameterization of the isoprene emission model 

 

Leaf energetic status model 

 

To evaluate the effect of environmental factors on electron flow between Calvin-Benson 

cycle and isoprene synthesis was used model developed by Morfopoulos et al. (2014). The 

model is based on the balance between the supplementation of photosynthetic reducing power 

to attend the demand to carbon fixation plus photorespiration and isoprene synthesis. It has 

been employed as a form of evaluate the effect of CO2 on the electrons flux used for the 

synthesis of isoprene (ε), parameter which in turn is influenced by the different conditions 

light and temperature. Thus, the equations used were: 

 

 
(5) 

 

in which ε was taken by the linear regression between isoprene emission rate to the light 

dependence of photosynthetic electron transport (J) ratio (ε =Isoprene/J), and the difference 

between light-limited J and electron fluxes for carbon assimilation (Jv). The parameters c1 and 

c2 were obtained from linear regression when Ci>Γ* (see Morfopoulos et al. (2014). In this 

case, the light dependence J was described empirically by a non-rectangular hyperbola: 

 

 
(6) 

 

This equation describes the relationship between J and Q in terms of Jmax, θ and YJ. θ is an 

empirical factor defining the curvature and Jmax is the maximum electron transport rate. 

Buckley and Diaz-Espejo (2015) highlights the attention on the distinction between J 

calculated under high light (in which the author defines as Jhigh) and the maximum potential 

electron transport rate (Jmax) as a way to prevent potential errors of this practice and the 

ambiguity found in the literature on meaning of Jmax. The Jmax used here represent the value of 

J under infinite Q and defines the horizontal asymptote (see Bellasio et al. (2016) for more 

details). 

The electron fluxes for carbon assimilation were calculated as follows: 
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(7) 

 

in which Km = Kc(1 + [O2]/Ko), where Kc and Ko are the Michaelis coefficients of Rubisco for 

CO2 and O2, respectively and Vcmax is CO2-satured Rubisco carboxylation rate, and  

 

 
(8) 

 

where the function f(Ci) is CO2 concentration in the intercellular space, f(T) is a function of 

temperature. In the equation 8 the function f(Ci) is chosen to take respective value the Ci/Γ* 

when Ci ≤ Γ* and ‘1’ otherwise (see further details inMorfopoulos et al., 2014). 

 

The Niinemets Model 

 

The Niinemets et al. (1999) model was the first mechanistic approach to simulating 

leaf isoprene emissions after the discovery of the synthesis of this isoprenoid inside the 

chloroplasts. This model is based in energetic requirements controlling the NADPH formation 

requirement for the steps of isoprene synthesis coupled the leaf photosynthetic properties. The 

basic rationale is that the isoprene syntheses are affected by proportion of electron transport 

used for supplies the required ATP and NADPH for the MEP pathway. In this study was 

include a CO2 function response to represent the effect of the changing in the internal CO2 

concentration on isoprene emissions as described in Young et al. (2009): [f(CO2) = Ci-400/Ci], 

with Ci-400  being the intercellular CO2 concentration measured at Ca = 400 µmol mol-1.  

Hence, the model modified used here was: 

 

 

(9) 

 

where εN is the fraction of electron available for isoprene synthesis, based on the ratio 

between energetic requirement for the synthesis of isoprene and total photosynthetic electron 

transport (Jtotal). The Jtotal was performed from leaf gas exchange measurements (Farquhar 

model) under the light-limitation gross assimilation (AJ).  
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Guenther model 

 

The algorithms developed by Guenther et al. (1993) is most widely used set of 

algorithms to predict the effects of changing environmental conditions on volatile organic 

compounds emissions from use of species-specific emission rate (Is), determined under 

standardized conditions (PPFD of 1000 µmol m-2s-1 and leaf temperature of 30ºC). This 

algorithm was used here to simulate the Ci and light response isoprene emissions performed 

for tropical species with further modified CO2 function to establish the CO2-induced 

inhibition of emissions. The model estimates emissions as: 

 

 
(10) 

 

where Is is isoprene emission rate at a standard conditions and the factor CL is defined by: 

 

 

(11) 

 

where α and CL1 are empirical coefficients. The isoprene emission equation is similar the 

equations used to model the light dependence of photosynthesis developed by Smith (Smith et 

al., 1937) and the Arrhenius-based temperature-dependence of catalytic enzyme activity 

(Guenther et al. 1993). For Guenther model, in order To capture the CO2 effect was include 

the CO2 function response following the approach of Wilkinson et al. (2009). All our curve 

response were performed under leaf temperature of 30 ºC, thus we neglect the temperature 

dependence of εN (equation 10) and also in model Guenther simulations (CT = 1, equation 11). 

 

3 RESULTS 

1.3.1 Electron flow between carbon assimilation, photorespiration and isoprene emission 

 

To identify conditions at which energy flux photochemistry is altered between 

carboxylation process, isoprene emissions and other alternative sink (photorespiration), the 
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leaves were exposed to different CO2 concentration and light intensity condition and 

simultaneous gas-exchange and fluorescence measurements were performed. The net 

assimilation (A), photorespiration rate (Rp) and isoprene emissions (Iiso) were tightly coupled 

to environmental factor dependent leaf energy partitioning change (Figure 1 and 2). For all 

light curve experiments, the parameters measured increased exponentially with PPFD, except 

for electron flow for carboxylation (Jv),that was inversely correlated with increase PPFD 

(Figure 1 and 2). During the whole set experimental the maximum for Iiso, electron flux 

allocated for isoprene production (Jiso), Rp and electron flow for photorespiration (Jo) were 

inversely related to atmospheric CO2 concentration ([Ca]). In opposition, A, Jv and total 

electron transport rate (JF) reached maximum value at high [Ca] (Figure 2). The low [Ca] 

stimulated the investment of electrons around the photorespiration process and isoprene 

synthesis, resulting in higher Rp and Iiso (maximum values PPFD between 1300 to 2000 µmol 

m-2s-1). Under high PPFD conditions, the Iso and Jiso exhibited an average increase of about 

58% and 41%, respectively when compared the measurements performed under high [Ca], 

however, little alterations were observed in comparison [Ca] ambient. As a result, the light 

response curves of Iso and Jiso continued to increase without any sign of saturation, however, 

photorespiratory process exhibited appreciable reduction at highest PPFD and low [Ca] level 

(Figure 2b,c). Inversely, the photosynthetic processes were severely affected at low [Ca] 

levels and high PPFD, culminating in average reduction of the values of A, JF and Jv by 180%, 

198% and 89%, respectively. On the other hand, the best performance of the photosynthetic 

process were found at highest PPFD and elevated [Ca] (A = 24.7 µmol m-2s-1, JF = 236.5 µmol 

m-2s-1 and Jv = 176.0 µmol m-2s-1), situation that led to a decrease Iso and Rp in comparison to 

lower concentrations under the same light intensity (average reduction of 40% and 30% for 

Iiso and Rp, respectively).  

The CO2 response curve Jv increased steadily and was consistent with improvement of 

the A and JF, as [Ca] increased (Figure 1a,e). However, under [Ca] beyond of 1350 µmol mol-1, 

the carboxylation rate tended to a decline, as it occurred with JF, indicating a possible 

biochemical limitations. There was greater investment of electrons to attend the 

photorespiration and isoprene production, as [Ci] decreased (maximum values for Rp and Iiso 

at Ci below 174 µmol mol-1) (Figure 1). However, can be observed that at internal CO2 

concentration [(Ci)] close to the compensation point (Ci = 51.7 µmol mol-1) both Jo and Rp 

were slightly affected (43.9 ± 4.2 µmol m-2s-1 and 5.5 ± 1.5 µmol m-2s-1, respectively) while 

the Jiso and Iiso reached its maximum value (0.18 ± 1.47E-03 µmol m-2s-1 24.4 ± 2.7 nmol m-2s-

1, respectively).  



64 
 

 

1.3.2 Modelled isoprene fluxes: Experiments varying CO2 concentration 

 

As found in the work of Morfopoulos et al. (2014), a very strong linear correlation 

was determined between (J-Jv) and electron fluxes directed into isoprene (ε) (R2 = 0.94), and 

from this linear regression the parameters estimated were used for represented short-term 

emission change in response Ci (Figure 3) (the tables provided in the supplementary material 

(Table S1-S3) provides details of the model parameters and the significance of its values). 

The energetic status model was able to reproduce the CO2 dependence variability of isoprene 

emissions for the tropical species, capturing the strong negative response to changes in Ci (R
2 

= 0.92). The uncertainties surrounding the models were determined with base in relative 

standard deviation error (Sx.y%) generated from variance observed between the model-based 

estimates against the observed CO2 response data. This value represents the degree of 

imprecision when the best model is fitted to the data. In addition, a quantitative uncertainty 

analysis was performed by estimating the 95 percent confidence interval relative to the 

Farquhar model parameters estimated. The small value for Sx,y% (1.16%) and narrow 

confidence interval (<12%) determined from energetic status model and Farquhar parameters 

estimated, respectively, indicate a good precision of the model and estimates of the 

photosynthetic parameters used (Table 2). The improvement in predicting the values 

compared to the level of non-precision of the model were highly significant (p < 0.0001), 

according to analysis of variance presented in table S5, provided in the supplementary 

material.  

For better judgement of the reliability of analysis results and uncertainty in respect to 

energetic status model a comparative analysis of the predictions between the Niinemets model 

and G93 were realized. Both models resulted in a significantly good prediction of the values 

of the output variable (p < 0.0001) (Table S6 and S7), however, with substantial differences in 

the adherence of the estimated data to the observed values. The Niinemets model-based 

simulations captured the negative response pattern of the isoprene emissions changes in Ci, 

although the model tended to underestimate the emissions with increased of Ci, which resulted 

in poor fit of the model (R2 = 0.64). The G93 captured well the variations in isoprene 

emissions due to changes in Ci (R2 = 0.89), comparable the variation the predicted values 

captured by energetic status model. The greatest uncertainty relative of the models-based 
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estimates was found to Niinemets model predictions (6.44 %), followed of the G93 (1.55%) 

(Table S6 and S7).  

1.3.3 Modelled isoprene fluxes: Light curve response at different CO2 concentration 

 

The effects combined of the PPFD intensity variability under different CO2 conditions 

were compared between models. All the models used for to determined the relation of the 

PPFD on isoprene emissions rate predicted significantly the observed increase exponentially 

in emissions with PPFD increase (p < 0.0001) (see supplementary material table S5 - S7). The 

figure 4 demonstrated the ability of all models applied here in simulation of the light 

dependence isoprene emissions rate measured under different [Ca]. The light curve at CO2 

ambient the three models provide a good fit to the observed isoprene emissions rate. The 

Niinemets model exhibited slight in improving the adhesion to the observed data (R2 = 0.99) 

in comparisons to the remaining models (energetic status model - R2 = 0.95 and G93 - R2 = 

0.96). As a result of the high amount of variance in the output variables explained by the 

model and the good adherence of the model to the observed data the uncertainty values were 

all below of 4.2%. Despite the G93 has reproduced the data reasonably well, it tended to 

overestimate the isoprene emissions above 200 µmol m-2s-1 of PPFD (Figure 3b). In general, 

all models exhibited substantial decrease in the ability to predict the isoprene emissions rate at 

low and elevated [Ca] (Figure 3a,c). The wide variation and decrease in variation explained by 

models (see determination coefficients in figure 3) can be related to sample size used for this 

experimental conditions (light curve at low and elevated, n = 3; in comparison to nine 

replicates used for the measurements at [Ca] ambient). However, the Niinemets model 

reproduced the data reasonably well at elevated [Ca], explaining 88% of the total variation in 

emission rated. All the models underestimated the emissions rate under low PPFD, whereas 

the energetic status and G93 model overestimate the emissions under elevated PPFD 

measured at both low and elevated [Ca]. Consequently, the degree of imprecision in respect to 

the predictions of the model increased, especially at elevated [Ca] and for the energetic status 

model (13.94%) and G93 (17.45%).   

 

1.3.4 Fraction of photosynthetic carbon emitted as isoprene (Iiso:A ratio) and isoprene 

quantum yield 
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A relative increase of emissions rate occurred at low PPFD (<100 µmol m-2s-1), 

reaching a maximum at range 10 to 50 µmol m-2s-1, followed by a relative decrease as PPFD 

the increase up to 200 µmol m-2s-1 (measured at 200 and 400 µmol mol-1 of [Ca]) and 750 

µmol m-2s-1 (measured at 1000 µmol mol-1 of [Ca])  (Figure 4). The fraction of photosynthetic 

assimilated carbon emitted as isoprene was inversely related to the [Ca]. This inverse relation 

was due to the decrease in the photosynthetic rates and concomitant increase in the emission 

rates as [Ca] decreased. All models failed to predicted the increase Iiso:A at low PPFD, 

however, its captured relatively well increased fraction of carbon emitted as isoprene under 

low and ambient [Ca] with increase PPFD above of 300 µmol m-2s-1. Though the estimates 

determined by Morfopoulos and G93 yielded pronounced overestimated at high PPFD and 

[Ca] (Figure 4c). 

The quantum yield for emission rate increased with decreased of the [Ca] (Figure 5), 

opposite to the decrease quantum yield for A (data not showed). The energetic status model 

adjusted extremely well to the data account more 99% of quantum yield variations with [Ca] 

change, followed of G93 with 94% variations and Niinemets model with 87%. However, the 

models underestimated the quantum yield for isoprene emissions at all the [Ca] tested, except 

for G93 that overestimated under elevated [Ca]. 

 

1.3.5 The performance global of prediction models 

 

Plotting the modelled isoprene emissions against observed dates for all the 

experiments the status energetic model showed a best agreement regarding the estimated in 

the patterns of the emissions in different environmental conditions (R2 = 0.89), followed of 

the G93 algorithm (R2 = 0.89) (Figure 5) and then Niinemets model (R2 = 0.79). However, the 

models tended to underestimate within the range of the low emission rates and overestimate at 

high isoprene fluxes. The emissions rate estimated by Niinemets model has the tendency to 

underestimate in the variation of the fluxes associated to largely underestimate in emissions 

rates as [Ca] increase.  In general, all models have captured the variation patterns of isoprene 

emissions under different procedures applied in this study, however, the light curve response 

at low and elevated [Ca] there was a substantial fails in reproduce values of isoprene emission 

rate 
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4 DISCUSSION 

1.4.1 Carbon assimilation, photorespiratory process and isoprene emissions 

The chemical energy is largely consumed in photosynthetic carbon reduction (PCR) 

and photorespiratory carbon oxidation (PCO) cycles acting as the major electron sink. When 

the PCR or PCO cycle is disrupted under stress, additional pathways might be activated to 

consume the excess chemical energy to reduce damage to the photosynthetic apparatus 

(Lanigan et al. 2008, Moroney et al. 2013, Voss et al. 2013). Although the photorespiration 

can act as a major photochemical energy sink pathway when plants are exposed to stress 

(Voss et al. 2013), in situation of enhanced or multiple stresses (i.e. high light, decreases CO2 

internal partial pressure and drought stress) can comprise the increase photorespiration rate. 

This effect is because down-regulation electron flow prompting impairment ATP and 

NADPH production required in maintenance targets’ redox among photorespiratory 

components.  

The isoprene is considered an important energy dissipation mechanism for protection 

of the photosynthetic apparatus which may be linked to high energetic cost for its synthesis 

(Niinemets et al. 1999, Sharkey and Yeh 2001). Several researches have demonstrated that 

isoprene can improvement in membrane stability and/or reacting directly with reactive oxygen 

species from photodamage caused by environmental stress (EROs). Thus, unequivocally the 

isoprene-emitting species should obtain some benefit from their emissions against 

environmental constraints through the use of excess energy not used PCR or PCO cycle 

and/or scavenging of ROS and thereby mitigating oxidative stress (Sharkey et al., 2007; 

Jardine et al., 2013; Possell and Loreto, 2013; Vanzo et al., 2015; Velikova et al., 2015 ). This 

agrees with our results for tropical species tested where occurred changes in electron flow 

toward isoprene synthesis as [Ca] decreased (Figure 1 and 2). The results presented in Figure 

1c showed the light curve response at low [Ca], where the electron flow allocated for isoprene 

and emissions rate continued to increase without saturation signal, while the photosynthetic 

and photorespiratory process failed under high PPFD and low [Ca] conditions. Thus, the 

isoprene might assume an additional prominent role in consumption of reducing equivalents 

and energy formed under environmental stress in order to prevent photoinhibition. 
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1.4.2 Isoprene Model 

The photosynthesis is a major source of substrate, reducing power and electrons for the 

pathway reactions MEP. However, the effect of changes in concentrations of CO2, 

temperature and light about photosynthetic reactions can directly affect the production and 

availability of photoassimilates and photochemical products for the synthesis of isoprene. 

Therefore, in process-based modelling approach information on the relationship between 

isoprene emission and photosynthetic capacities becomes essential. The energy of the photons 

absorbed by chloroplasts is transformed in the membranes of thylakoids in biochemical 

energy, NADPH and ATP, required for assimilation of CO2 in the Calvin cycle. In our study, 

low internal CO2 concentration resulted impairment in JF and carboxylation rates. This effect 

can be linked to the failure in the regeneration of their acceptors, ADP and NADP+ (1), 

increasing the susceptibility of the photosynthetic apparatus to photooxidatives damage, 

mainly under conditions of high PPFD (Miyake et al. 2005).  

It has been hypothesized that when the amount of reducing power exceeds the capacity 

of carbon assimilation, some of that excess can be used by reactions of isoprene synthesis 

(Morfopoulos et al., 2013). This fact can be supported by the results presented in Figure 5 and 

6 where there was an increase in carbon loss as isoprene and maximum quantum efficiency 

emission rates (isoprene emission rate per mol absorbed photons) with increasing irradiance 

and decreasing sub-stomatal carbon dioxide concentration (Ci) (Figure 5 and 6). Experimental 

results and use process-based isoprene emissions have established that the increase in 

emissions with the decrease internal carbon pools is linked to changes in the balance between 

the supplementation of electrons and the demand for electrons in carbon assimilation. This 

assumption is based in strong control of the electron transport rate as well as leaf ATP pool on 

the isoprene emissions rate. In addition, the isoprene can act as effective mechanisms 

dissipation of this excess energy not used in photochemical step under specific environmental 

conditions (drought, high temperature and low [Ca]. Thus, it is possible that the balance 

between the amount of reducing power and the carbon assimilation capacity driven by 

environmental factors can have direct effect on the emission rates.  

Conversely, the gradual increase in [CO2] increases the demand for photochemical 

products in the Calvin-Benson cycle in order to meet the stimulus of the carboxylation rates 

(Harley et al. 1992, Morfopoulos et al. 2014). Plants submitted to high [CO2] conditions 

generally results in inhibition of the photorespiration rates and increased photochemical 

potential and decreased NPQ (dissipation of excess energy in the form of heat) (Cousins et al., 
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2001; Riikonen et al., 2005). Therefore, it’s possible that the lower isoprene emission rates 

found under high [CO2] be because to increased in competition between the Calvin-Benson 

processes and MEP pathway by photochemical products (Rasulov, Hüve, Välbe, Laisk, and 

Niinemets 2009). This assumption is corroborated by reduction quantum efficiency of 

isoprene and emissions rate observed in that study as the [CO2] increased (see Figure 6). 

However, an alternative hypothesis argues that the sensitivity of isoprene to CO2 is due to 

changes in the partitioning of photoassimilates and extrachloroplastidic carbon sources 

(Rosenstiel et al., 2003; Loreto et al., 2007; Calfapietra et al. 2008; Trowbridge et al., 2012). 

These changes could increase the competition between the isoprene synthesis process and the 

different biosynthetic pathways by intermediate carbon sources, negatively affecting the 

proportion of substrates channelled into the MEP pathway (Rosenstiel et al., 2003; Calfapietra 

et al. 2008; Possell and Hewitt, 2011). However, the research is in progress to test these 

hypotheses and try to understand the mechanisms of CO2 inhibition on isoprene emissions in 

more detail. 

We used a new unifying process-based modelling of isoprene emission developed by 

Morpoulos et al., 2014 and compare with two widely used process-based Niinemets model 

and the simplest version of the G93 algorithm proposed by Guenther et al., 1993 with 

particular attention to the response of emissions to changes in CO2 concentration. In their 

original standard configurations, the models captured well the entire CO2 response curve, in 

line with the experimental observations of the decreasing emissions as [Ca] increase. Along 

the years the G93 model has include activity factors accounting for emission response to past 

temperature, leaf age, soil moisture, leaf area index and CO2 sensitivity (Guenther et al., 

2012). This empirical approach is extremely simple to simulation routine and can be easily 

extended to any other biogenic volatile compound. Another advantage of the G93 is the 

accumulation of a large number of information available on Is. However, isoprene species-

dependent emission capacities can vary significantly between species and leaf age which 

could invalidate the application model and accurate predictions isoprene emissions for a large 

number of species under different spatial-temporal scales.  

Over the years several studies have found a high degree of species-specific variability 

in the response of isoprene emission to changes [CO2]. Such studies had showed that elevated 

[CO2] (at least in the short term) inhibit isoprene emission (Possell and Hewitt 2011).  Grote 

et al. (2014) provided the first mechanistic model of global application Based on the 

photosynthetic dependence of the isoprene emissions, demonstrating that differences in 

photosynthetic characteristics may explain inter-species variations of emissions to different 
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driver environmental. In this context, it is very important to identify not only which are 

emitting species but also how environmental factors can modulate the emission potential of 

these tropical species. Acclimation of isoprene emission capacity to increased CO2 

concentrations is considered as a key gap in understanding biochemistry of isoprene 

formation (Sharkey 2009) and identification of possible adaptive modifications is difficult. 

Available data on these adaptive changes are contrasting. Some studies have been carried out 

in the vicinity of natural CO2 springs which provided access to the long- term exposure to 

elevated [CO2] and the onset of possible adaptation mechanisms (Rapparini et al. 2004; 

Scholefield et al. 2004).  

The isoprene emissions patterns are strictly coupled to photosynthetic processes which 

make it essential to include information on effect of environmental factors on the availability 

of energy and carbon assimilated for isoprene synthesis. The Niinemets model was the first to 

attempt to model isoprene emission in a process-based way. Niinemets and co-workers 

developed a model based on leaf electron transport rate and electron requirement for isoprene 

synthesis. This model proposes that a fraction of the total electrons (εN) is involved in the 

isoprene synthesis pathway, with the hypothesis that εN is controlled by both competition for 

electrons between isoprene and carbon assimilation and photorespiratory pathways, and 

enzymatic isoprene synthase (IspS) activity. The leaf status energetic originates from the 

Niinemets model in which was based on the effect of environmental drivers in the formation 

and the competition for equivalent reduction and energy between Calvin- Benson cycle and 

isoprene synthesis. The leaf status energetic model diverges from its prototype original 

linking isoprene emission to pool of electrons not used for carbon assimilation and 

photorespiration rather than to light-limited assimilation (AJ) as approached in Niinemets 

model. It links directly isoprene emissions to NADPH availability and the flux of electron 

channelled into MEP pathway.  

 

5 Conclusions 

The simple model of the biochemistry and physiology of isoprene emissions has been 

developed and used to test the hypothesis that the reducing power available to the synthesis 

pathway for isoprene varies according to demands of carbon assimilation. The leaf energetic 

status model explains the observed response of isoprene production to environment and the 

coupling/decoupling between carbon assimilation and isoprene emission. The model has the 
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potential to improve global-scale modelling of vegetation isoprene emissions, as well as 

emissions of isoprenoids that do not origin from storages. 
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2 FIGURES 

 

Figure 1The effect sub-stomatal carbon dioxide concentration (Ci) and photosynthetic photon flux density (PPFD) on electron flow, isoprene emissions, net assimilation and 
photorespiration rate. (a) total electron transport rate (JF) and electron flow used for carboxylation (Jv); (c) electron flow costs for photorespiration (Jo) and electron flow 
allocated for isoprene biosynthesis (Jiso); (e) net assimilation rate (A), isoprene emissions rate and photorespiration rate (Rp) vs sub-stomatal carbon dioxide concentration (Ci) 
at PPFD of 1000 µmol m-2s-1 and leaf temperature of 30ºC; (b) JF and Jv; (d) Jo and Jiso; (f) A, isoprene emissions rate and Rpvs (PPFD) at a leaf temperature of 30°C and 400 
µmol mol-1. Error bar represent the mean standard error (n = 9). 
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Figure 2The effect photosynthetic photon flux density (PPFD) measured at two atmospheric CO2 concentration (Ca) on: (a) total electron transport rate (JF) and electron flow 
used for carboxylation (Jv); (b) flow costs for photorespiration (Jo) and electron flow allocated for isoprene biosynthesis (Jiso); (c) net assimilation rate (A), isoprene emissions 
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Figure 3 Isoprene emissions vs sub-stomatal carbon dioxide concentration (Ci) at a leaf temperature of 30°C and a photosynthetic photon flux density of 1500 µmol m-2s-1. (a) 
Changes in the fraction of electrons used for isoprene production, taken as the ratio of the isoprene emission rate to the light-limited electron flux for carbon assimilation (ɛ = 
Iso/J), in response to changes in the energetic status of the leaf, taken as the difference between the light- and Rubisco-limited electron fluxes for carbon assimilation [J-Jv]. 
(b) Isoprene emission rates observed and modelled in response to changes in Ci. Observed (closed circles), solid line represent energetic status model, closed circles represent 
energetic status model, dash line represent the Niinemets model and dotted line represent the G93 algorithm. Error bars represent the mean standard error (n = 5-9). For all 
results presented was used the Adjusted R Square. 
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Figure 4Isoprene emission rates vs photosynthetic photon flux density (PPFD) at a leaf temperature of 30°C and three atmospheric CO2 concentrations (Ca): (a) 200 µmol 
mol-1; (b) 400 µmol mol-1 and (c) 1000 µmol mol-1. Error bar represent the mean standard error (n = 3-5). 
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Figure 5 Ratios of isoprene emission to gross assimilation (Agross + day respiration) vs photosynthetic photon flux density (PPFD) at a leaf temperature of 30°C at atmospheric 
CO2 concentrations of (a) 200 µmol mol-1, (b) 400 µmol mol-1 and (c) 1000 µmol mol-1. 
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Figure 6 Quantum yield of isoprene emission (Φiso) modelled for each models vs observed values at different atmospheric CO2 concentrations. Closed circles represent 
energetic status model, Open squares represent the Niinemets model and Open circles represent the G93 algorithm. 
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Figure 7The modeled isoprene emissions vs observed isoprene emissions for all experiments. (a) Open circles represent the Niinemets model; (b) closed circles represent leaf 
energetic status model; (c) open square represent the G93 algorithm. The solid line represents the best linear fit between the model and the data 
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ABSTRACT 

The extension of the combined effects of temperature and [CO2] on isoprene emissions can be 

associated to sensibility of photosynthetic mechanisms coupled to the uptake of energy and 

carbon assimilation among the species. In this study, the short-term interactive effect of leaf 

temperature and [CO2] was investigated in two contrasting species, the tropical species Inga 

edulis and the temperate species Populus tremula. In P. tremula, the suppression effect of 

CO2 gradually decreased as the temperature increased and disappeared under elevated 

temperature as resulted to the acceleration the isoprene synthase. The temperature dependent 
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reductions in the values net assimilation, Vcmax, ETR and Fv’/Fm’ leading to decrease DMADP 

concentration above of 35 ºC. The higher vulnerability of photosynthetic processes 

contributed with greater supply of electron for isoprene synthesis reflecting in larger losses of 

carbon photosynthetic as isoprene. Overall, elevated [CO2] attenuate the effect of temperature 

on photosynthesis, in particular, fluorescence parameters, which contributes to a slight 

increase in DMADP pool size. For the tropical species, the positive effect of the temperature 

on isoprene synthase did not reduce inhibitory effect of CO2. The suppression on isoprene 

emissions was related the changes in the availability of DMADP rather than activity of 

isoprene synthase itself. The better adjustment of the components photosynthetic to the 

sudden increase in temperature resulted in major influx of electrons for the Benson-Calvin 

reaction associated higher carboxylation efficiency. Also, from A/Ci curve, a decrease of the 

net assimilation and ETR under high intercellular CO2 concentration was observed, indicating 

a possible control of ATP limitation and changes in chloroplastidic carbon partitioning on 

isoprene emission. Our observation suggests that the different tolerance threshold among 

species from thermally contrasting environments can determine the extent to which high 

[CO2] can control the rate of isoprene synthesis 

  

Keyword: BVOCs, dimethylallyldiphosphate, isoprene CO2 response, isoprene synthase, 

postillumination, thermal stress, tropical species.  
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1.1 Introduction 

 

Isoprene is worldwide the most abundantly emitted reactive biogenic compound that plays 

an important role in processes affecting the concentrations of ozone (O3), methane (CH4), as 

also in secondary organic aerosol formation (Arneth et al. 2011, Hartikainen et al. 2012, 

Unger 2013, Bregonzio-Rozier et al. 2016); . Biogenic isoprene emissions are strongly 

controlled by environmental conditions, including temperature, light and CO2 concentration 

([CO2]) (Possell et al.,  2005;Monson, 2012; Niinemets and Sun, 2014; Sharkey & Monson, 

2014). Given the global increases in temperature and [CO2], mechanistic incorporation of 

environmental conditions is of crucial importance for developing accurate isoprene emission 

models under globally changing environmental conditions (Potosnak 2014) that are capable of 

simulating future air quality and Earth's climate (Arneth et al., 2007). 

Sharkey and Singsaas, (1995) published an article entitled “‘Why plants emit isoprene”, 

and presented the hypothesis the role thermotolerant of isoprene. This hypothesis not always 

has been observed (Vickers et al. 2009), but is still the most cited argument to explain the 

adaptive role of isoprene emission (Sharkey et al., 2008; Pacifico et al., 2009;Monson et al., 

2013; Sharkey, 2013). The mechanisms of action the isoprene are not entirely clear, but 

experimental evidence has appointed that its can act as efficient mechanism of excess energy 

dissipation (Sanadze 2004), confer enhanced stability of biological membranes (Sharkey et al. 

2008, Velikova et al. 2015) and act directly against reactive oxygen species (Jardine et al., 

2013; Possell and Loreto, 2013). Previous studies have proposed that increased [CO2] can 

reduce the beneficial effects of biogenic isoprene emission per se, reducing metabolic and 

physiological differences between species emitting and not emitting isoprene (Way et al., 

2013). This can result from the circumstance that acclimation to elevated [CO2] can reduce 

the capacity for isoprene emission (Wilkinson et al., 2009; Possell and Hewitt, 2009; Possell 

and Hewitt, 2011), although not in conditions when plants are experiencing nutrient 

deficiency (Sun et al., 2012;Sun et al., 2013). The second factor reducing the benefits of 

isoprene emission compared with non-emitters is that elevated [CO2] itself can improve heat 

resistance by improved heat stability of membranes owing to greater sugar concentrations(Sun 

et al., 2013; Darbah et al., 2010). Possible reduction of the beneficial effects of isoprene on 

heat resistance can have  direct consequences for the distribution and species composition 

(Way et al., 2011). 
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Although the responses of isoprene emission to temperature and [CO2] have been 

investigated for some time, it is only recently, when [CO2] has been included in empirical 

algorithms of emission (Wilkinson et al., 2009;Grote et al., 2013; Potosnak et al., 2014), and 

efforts have been undertaken to include [CO2] in models using semi-mechanistic algorithms 

(Arneth et al., 2007; Grote et al., 2014; Morfopoulos et al., 2014). In these semi-mechanistic 

models, isoprene emission rate has been coupled to the photosynthetic electron transport rate 

either directly or using a fraction of electron flow not linked to CO2 assimilation (Niinemets et 

al., 1999; Morfopoulos et al., 2013; Harrison et al., 2013; Grote et al., 2014). Nevertheless, 

several questions on the key mechanism in regulating the synthesis of isoprene emission are 

still open. The key question in the isoprene modeling community has been whether the 

emissions are controlled by energy partitioning (Rasulov et al., 2009; Grote et al., 2014; 

Morfopoulos et al., 2014) or availability of carbon intermediates (Schnitzler et al., 2004; 

Possell and Hewitt, 2011; Trowbridge et al., 2012). As a key difficulty in current emission 

models, is how to simulate the interactive effects of different environmental drivers, in 

particular, [CO2] and temperature (Sun et al., 2012;Sun et al., 2013; Niinemets and Sun, 

2015;Niinemets et al., 2015). Improving the understanding of the mechanistic basis of 

isoprene emission could be of great benefit for the improvement the accuracy the future of 

isoprene emissions under different scales (Sharkey & Monson, 2014). 

Reports in the literature has shown different CO2-responsiveness of isoprene emission, 

however, the mechanisms that respond to such differences are not fully understood. In most 

cases, foliar isoprene measures decrease with increasing the [CO2]. A hypothesis quite 

discussed assumes that the electrons flow to the isoprene synthesis compete with electron 

transport required for carbon assimilation (Niinemets et al. 1999; Morfopoulos et al., 2013; 

2014; Grote et al., 2014). It is argued that decrease of the emission rates under high [CO2] is 

attributed to the increase in partitioning the ATP and NADPH for the Calvin cycle, owing to 

the stimulus of carboxylation rates. The recent work of Rasulov et al. (2016), was detected for 

the first time synchronous oscillations of isoprene emission, photosynthesis, and fluorescence 

of photosystem II during the transition to high CO2. The results found gives direct evidence 

that energy (reduction) controls and regulates CO2 emission and are in accordance with the 

mechanistic model of isoprene emission regulation presented in Morfopoulos et al. (2014). 

However, alternative hypothesis defends that the response of emissions the variation in the 

[CO2] is related to changes in partitioning of photoassimilates and carbon extracloroplastidic 

sources (Rosenstiel et al., 2003; Loreto et al., 2007;Calfapietra et al. 2008; Trowbridge et al., 

2012). This effect could increase competition between isoprene synthesis process and 
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different biosynthetic pathways for intermediate carbon sources (Calfapietra et al. 2008; 

Possell and Hewitt, 2011; Opitz et al., 2014). Although these two hypotheses have been 

extensively tested the physiological mechanisms of suppression of CO2 on emissions of 

isoprene are still under discussion. 

The temperature and CO2 response of photosynthetic process and isoprene synthesis can 

be associated the vulnerability of photochemical mechanisms and reactions in the Benson-

Calvin cycle found among the species (Hikosaka et al. 2006, Kaiser et al. 2015). Process in 

which are governed by multiple molecular and physiological states coupled to the uptake of 

energy and carbon assimilation (Zinta et al., 2014). The form with these mechanisms respond 

to the environment are linked the different optimum temperature associated local evolutionary 

adaptation and acclimation to conditions found in tropical and temperate regions. These 

differences can affect the extent that those photochemical and photoassimilates products will 

be used by the reactions of the MEP pathway (Steinbrecher et al. 2013, Pollastri et al. 2014, 

Ghirardo et al. 2014, Potosnak et al. 2014, Pokhilko et al. 2015). Thus, is possible that 

simultaneous effect of temperature and CO2 on species-specific response in rates of isoprene 

emissions can be associated to physiological and biochemical alterations of photosynthesis 

(Grote et al. 2014). This hypothesis was tested from short-term manipulations leaf 

temperature and CO2 response for tropical Amazon Inga edulis and European Populus 

tremula (aspen) species. Particularly, the study aimed to assess: (a) the temperature and [CO2] 

changes-induced variations in photosynthetic mechanisms, isoprene biosynthetic process from 

in vivo determination of the dynamic modifications in DMADP pool and isoprene synthase 

activity; (b) the optimum temperature of isoprene emission, photosynthesis and CO2 

sensitivity control the changes in energy partitioning among Benson-Calvin and MEP 

pathway; (c) the effect of the shift of these drivers environmental on photosynthetic functional 

aspects (stomatal, mesophyll and biochemical limitations) and its implications on the pattern 

of isoprene emission. 

 

1.2 Material and methods 

 

1.2.1 Plant material and experimental set up 

The experiments were conducted with two isoprene-emitting tree species: the tropical 

species Inga edulis and Populus tremula. The measurements in I. edulis trees were performed 
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at the National Institute for Amazon Research (INPA) in Manaus, Brazil (3°8'S, 60°0'W) 

between August to October in the succeeding three years (2014-2016). During the 

experimental period in Manaus the average daily air temperature was about 34 ºC and the 

solar radiation flux 506.9 W m-2 (ca. 1200 µmol m-2 s-1), while average monthly precipitation 

was below of 100 mm and the relative humidity around of 70% (http://www.inmet.gov.br). 

The second set of experiments with aspen trees (Sun et al., 2012b; Rasulov et al., 2014 for 

details of trees) executed at the Estonian University of Life Sciences in Tartu, Estonia 

(58.3833° N, 26.7167° E) were made in September of 2015. The average daily air temperature 

and solar radiation flux during the experimental period varied around 5.1 ºC to 22.5 ºC and 97 

W/m2, respectively, and average monthly precipitation around 58 mm and relative humidity 

of 83% (http://meteo.physic.ut.ee).  

The trees of both species grew under full sun conditions, and for experiments small 

branches were cut and recut under water in the morning and transported to the laboratory for 

analysis. The sampled branches detached were in the upper third of the individuals, with 

fully-expanded leaves exposed to direct sunlight and without any evidence of mechanical 

injury or herbivore and pathogen damage. The leaf measurements were conducted between 

09:00-17:00 hrs. The species maintained high transpiration rates throughout the experimental 

period after following branch detachment, without any incidence of embolism or cavitations. 

Leaves from at least three to nine individuals of each species were measured. 

 

1.2.2 Leaf gas exchange analyses and isoprene emission rates 

 

In I. edulis, we used a LI-6400XT portable open gas exchange system (LI-Cor, Inc., 

Lincoln, NE, USA) for simultaneous measurements of leaf gas exchange and isoprene 

emission rates. The exhaust tube of the IRGA measurement head was connected to a Proton-

Transfer-Reaction Mass Spectrometer system (PTR-QMS, Ionicon Analytik, Austria), using 

tubing material made of Teflon. The flow rate entering the LI-6400XT leaf chamber was set 

to 400 µmol s-1 and a fraction of air exiting the leaf chamber was used to determine the 

isoprene emissions rate according to the configuration of PTR-QMS as specified in Jardine et 

al. (2014).The leaf temperature was controlled by circulating water from a thermostatted 

water bath through the aluminium body of the cuvette. Before and after each measurement, 

empty leaf cuvette was measured to analyze the background concentrations of isoprene, and 

thereafter to calculate the foliar emission rates. During the background measurements, the 
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cuvette was kept under the same environmental conditions. No significant variation in the 

background of isoprene was found during the measurements. The CO2 diffusion through the 

gaskets had been well-known source or error in portable photosynthesis systems (Flexas et al. 

2007). In the current study the leaks were adequately reduced through of the method 

employed by Boesgaard et al. (2013). This example for the diffusion correction can be 

obtained in supporting material provided by Bellasio et al.(2015). 

The second set of experiments conducted on individual trees of aspen the leaf gas 

exchange analyses and isoprene emission rates were monitored by means of a fast two-

channel gas-exchange system, described in detail by Laisk et al. 2002. The leaf was enclosed 

in a 8.04 cm2 clamp-on leaf cuvette with the upper leaf surface glued to the cuvette glass 

window by a starch gel to the maximize heat exchange between the cuvette water jacket and 

the leaf. The gas flow rate through the measurement chamber was maintained at 500 µmol s-1. 

Isoprene emissions was measured with a proton-transfer reaction quadrupole mass-

spectrometer (PTR-QMS, Ionicon Analytik, Austria) with a response time resolution of 

approximately 1.3 s and detection limit of approximately 10 pmol mol-1. The PTR-QMS was 

calibrated with a standard gas (3.43 ppm isoprene in N2). 

 

1.2.3 Fluorescence measurements 

 

All measures of emission rates for isoprene and net assimilation was performed 

simultaneously with gas exchange and fluorescence measurements with the PTR-QMS to 

both set experimental. In the case of experiments conducted with I. edulis, infrared gas-

exchange analyzer system was equipped with a leaf chamber fluorimeter with 2 cm2 area. The 

fluorescence was measured providing intensity modulated beam of 7 and 20 kHz set at 630 

nm using a filter 5 Hz with gain factor for the fluorescence signal of 10. To fully reduce QA 

pools a rectangular flash was set provides a saturating pulse of light intensity (~8,000 µmol 

photons m-2 s-1) for a short duration 0.5 s of wavelength 470 - 630 nm. Far-red radiation was 

supplied for the determination of minimum fluorescence (F0’) at the steady state 

photosynthesis. The leaves were adapted to values of photosynthetic photon flux density at 

leaf level (Q) of 1000 µmol m-2 s-1 with a 10% fraction of blue light to maximize stomatal 

aperture. Thus, from light-adapted leaves, the actual photosystem II efficiency (ΦPSII) was 

determined by measuring steady-state fluorescence (Ft) and maximum fluorescence during a 

light-saturating pulse (Fmʹ) as ΦPSII = (Fm’ + Ft)/Fm’ , following the procedures of Genty et al. 
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(1989). The electron transport rate (ETR) was then calculated from the equation ETR = ΦPSII x 

α x β x Q, where α is the leaf absorptance and β reflects the partitioning of absorbed quanta 

between PSII and PSI. The product of β and α was determined according to Valentini et al. 

(1995) from the relationship between ΦPSII and ΦCO2 as obtained by varying the light intensity 

under non-photorespiratory conditions (2% O2). The calibration allows ETR to be estimated at 

photorespiratory conditions (21% O2) (Valentini et al., 1995). The photochemical quenching 

coefficient (qP) was determined from qP = (Fm’ - Ft)/(Fm’- F0’) and the capture efficiency of 

excitation energy by open photosystem (PS) II reaction centres (Fv'/Fm') were estimated (Fm’ - 

Fo’)/Fm’). 

 In the experiments conducted with P. tremula we used the custom-made gas-exchange 

system described in detail in (Laisk et al. 2002, Rasulov et al. 2010, 2011). In particular, an 

ultra-fast gas-exchange system with a response time of less than 1 s was used. CO2 exchange 

rates were measured with LiCor LI-6252 and chlorophyll fluorescence measurements were 

made with Walz PAM-101 providing modulated beam of 100 KHz with gain factor for the 

fluorescence signal of 5. To fully reduce QA pools for estimation of maximum fluorescence 

yield, a rectangular 1 s saturating pulse of white light of 10000 µmol m-2 s-1 was given. Far-

red radiation (720 nm and 50 µmol m-2 s-1) was supplied for the determination of minimum 

fluorescence (F0’) at the steady state photosynthesis. The ETR was calculated from ΦPSII 

assuming 85% absorptance and 1:1 ratio of distribution of photon absorption between PSII 

and PSI. The ΦPSII, qP and Fv’/Fm’ were calculated as described above 

 Before each experiment, the leaf was enclosed in the gas exchange system and left under 

baseline conditions until net assimilation (A), stomatal conductance (gs) and internal CO2 

concentration (Ci) stabilized (typically in 20–30 min). The baseline conditions inside leaf 

cuvette included gas concentration of 21% O2 and CO2 concentration (Ca) 400 µmol mol-1, 

relative humidity around 60% and 30 ºC temperature and 1000 µmol m-2 s-1 Q. After the 

period acclimation of leaves, different types of net assimilation and isoprene emissions 

response to short-term changes in environmental factors were performed. The data were 

recorded when isoprene emission rates had stabilized. 

 

1.2.4 Temperature response curve in different [CO2] of net assimilation and isoprene 

emissions 
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The species were subjected to short-term changes temperature and [CO2] to verify the 

response isoprene emissions pattern and photosynthetic characteristics. For each leaf were 

carried out temperature curve (25 → 30→ 35→ and 40 ºC) under different [CO2] (150→ 

400→ and 1000 µmol m-2 s-1) and light intensity was maintained at 1000 µmol m-2 s-1.For all 

species, the characteristics estimated were the isoprene emission rate (nmol m-2 s-1), A (µmol 

m-2 s-1), gs (mol mol-2 s-1), Ci (µmol mol-1), ΦPSII, qP and ETR.  

 

1.2.5 Electron flux required to support Rubisco-limited carbon assimilation and isoprene 

biosynthesis 

 

To evaluate the effect of environmental factors on electron flow between Benson-Calvin 

cycle and isoprene synthesis was calculated the electron flux used required for support carbon 

assimilation (Jv), as described in Morfopoulos et al. (2014), and electron flux allocated for 

isoprene biosynthesis determined from isoprene emission to ETR ratio (Jiso). It has been 

employed as a form of evaluate the effect of CO2 on the variations in production of energy 

cofactors and subsequent supply to attend CO2-dependent carbon assimilation requirements, 

defined as leaf energy status (for the full details see Morfopoulos et al. 2014). From these 

data, the combined effect of the increase in [CO2] and temperature on energy competition 

hypothesis between Benson-Calvin reaction and isoprene synthesis can therefore be tested. 

The electron flux used to support carboxylation reaction was then calculated as: 

 

 

 

in which Km = Kc(1 + [O2]/Ko), where Kc and Ko are the Michaelis coefficients of 

Rubisco for CO2 and intercellular oxygen concentrations (O2), respectively, Γ* is the CO2 

compensation point in the absence of mitochondrial respiration .The Michaelis-Menten 

constants and Γ* were calculated for each leaf temperature representing temperature 

dependence of the kinetic properties of Rubisco (Table 1- Supplementary Materials). The 

maximum rate of carboxylation (Vcmax) was estimated following the procedures of De Kauwe 

et al.(2016).  
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This method assumes that at saturating irradiance the value of net assimilation rate 

(Amax) is limited by Rubisco activity at ambient external CO2concentration. Indeed, several 

studies have effectively estimated the Vcmax in a similar manner to that presented by De 

Kauwe et al.(2016) from so-called “one-point method” (Niinemets 1999, Wilson et al. 2000, 

Kosugi et al. 2003, Grassi and Magnani 2005). De Kauwe et al.(2016) tested the validity the 

method against Vcmax estimated from the traditional biochemical model of photosynthesis 

(A/Ci curve) (Farquhar et al., 1980), through worldwide comparative analysis comprised 564 

species distributed in different biomes. Residual analysis demonstrated that for whole data set 

almost 94% of the measured net assimilation values were Rubisco-limited under saturated 

irradiance and ambient CO2.Therefore, one-point method can be employed to estimate the 

Vcmax value with relative success. The Vcmax values reported here were calculated at sub-

ambient CO2 conditions, thereby ensuring substrate-saturated rates of carboxylation required 

for accurate estimation of Vcmax. In I. edulis, fitted value for Rday was previously obtained from 

combined gas exchange and chlorophyll fluorescence measurements under 21% and 2% O2 

across a range of low irradiances, as described in (Yin et al. 2011), while for aspen leaves we 

assumed that Rday was 1.5% of Vcmax, (Rday= 0.015Vcmax) following Collatz et al.(1991) and De 

Kauwe et al.(2016). The adjust of the estimated Rday values to temperature effect on kinetics 

parameters were taken from (Bernacchi et al. 2001).The Vcmax was fitted applying iterative 

curve fitting (nonlinear least-squares fitting) using the Microsoft Excel Solver tool (Microsoft 

Corporation, Redmond, WA, USA). To obtain the set of parameter value that best describes 

the experimental data was followed the recommendation of Kemmer and Keller (2010) (see 

the item Supplementary Materials). 

Finally, the mesophyll diffusion conductance (gm) for aspen leaves was resolved by 

averaging of the estimated of the values described in Tosens et al., 2012,for water-watered 

fully mature leaves in the same species used here. In previous study the gm was calculated 

from average of the measurements realized over Ci range (average Ci = 206 µmol mol-1) noted 

at temperature of 22 ºC, ambient CO2 concentration of 360 µmol mol-1 and Q of 750 µmol m-2 

s-1 (for the full details see Tosens et al., 2012). For I. edulis, the gm was previously determined 

with the aid of spreadsheet provided in Bellasio et al. (2015) from combined gas exchange 

and fluorescence measured under 21% and 2% O2.The gas exchange and fluorescence 

measured at low O2 enable increased the available of information, reducing the risk of 
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overparameterization of many parameters needed to better adjust the photosynthetic model. 

The gm was estimated from the light-limited part of CO2 and light-curves and therefore the 

calibration factor required between ETR and ΦPSII was established in order to improving the 

estimation of parameter (Martins et al. 2013). Afterwards the estimated of gm, the values were 

normalized to 25 ºC using the temperature response according to Bernacchi et al.(2002); 

Bernacchi et al.(2003) (supplementary data – table S1). 

 

1.2.6 Quantitative analysis of the limitations of photosynthesis 

 

In order to investigated the combined effects of temperature and [CO2] on important 

determinants of CO2 net uptake, the overall photosynthetic process was partitioned into their 

leaf functional components (stomatal (SL), mesophyll (ML) and biochemical (BL) 

limitations) using the calculated parameters gs, gm, chloroplastic CO2 concentration (Cc) [Cc= 

Ci-(A/gm)], Γ*, Km and Vcmax, following procedure described in Grassi and Magnani (2005) as 

further developed in Tomas et al. 2013.  

 

 
 

 
 

 
 

where gs_CO2 is the stomatal conductance to CO2 (gs_CO2 = gs/1.6), gtot is the total 

conductance to CO2 from ambient air to carboxylation sites (gtot = 1/[(1/gs_CO2) +(1/gm)]). K 

was determined as (K= [Vcmax(Γ* + Km)]/(Cc + Km)2. 

 

 

1.2.7 DMADP pool and isoprene synthase activity 
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Estimates of in vivo of DMADP pool size and isoprene synthase activity were 

obtained according to the method of Rasulov et al. (2009; 2010). The experimental procedure 

for postillumination isoprene release was the same temperature response curve in different 

[CO2] of net assimilation and isoprene emissions described above. The integral of 

postillumination isoprene emission assumes that dark release of isoprene emission is at the 

expense of DMADP formed during the previous light period and that none new chloroplastic 

DMADP is formed in the darkness (Rasulov, Copolovici, et al. 2009). When the light is 

turned off the initial burst of isoprene emissions quickly dropped (180 to 220 s), probably at 

expense of the DMADP pool accumulated during the previous light period (Rasulov et al., 

2010). From the first phase of the dark-decay kinetics measures, the isoprene reaction rate are 

recorded while the pool of DMADP is equals the integral of the rate from that moment until 

the cessation of isoprene emission. Paired values the measurements of isoprene rate and 

corresponding DMADP pool size at that time of recording were used to determine the 

isoprene synthase rate constant (s-1) calculated as slope of the linear regression of isoprene 

emission vs. DMADP pool size. The key advantage the environmental response of 

postillumination isoprene emission is that it is a non-destructive method in which enables 

various estimates DMADP pool and isoprene synthase activity for the same leaves simulating 

different physiological conditions.  

  

1.2.8 Statistical analysis 

 

To facilitate comparisons among plants and to minimize large variations in values as 

treatments progressed, all parameters were normalized by dividing the values of each 

individual plant by the general mean of each treatment (Loftus and Masson 1994). In this 

way, was possible eliminate the independent effects in relation to the individual plant 

differences of each observation. Thus, an appropriate confidence interval can be determined 

based on just in variability due to individual plants versus experimental condition applied in 

this study. Bivariate analysis of variance (ANOVA – two way maximum interactions) was 

used to study the effect of the different temperature and CO2 intensities on the functional 

photosynthesis limitations. Where appropriate, the means of the different treatments were 

compared using Tukey’s post-hoc test (P<0.05). These analyses were performed using the 

SPSS 21.0 software package (SPSS Inc., Chicago, IL, USA).  
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1.3 Results 

1.3.1 Dependencies of isoprene emissions, DMADP pool size and isoprene synthase on 

interactive effect temperature and [CO2] 

 

The species studied here responded differently in respect to the pattern and the values of 

isoprene emission to short-term changes in temperature and [CO2] (Fig. 1a;b). Overall, aspen 

leaves exhibited a lower sensitivity to CO2 as temperature increase, while in I. edulis the 

temperature-dependent response was inhibited by the high CO2 treatment. For temperate 

species, the isoprene emissions in increased parallel to the increase in temperature, however, 

with apparent sensitivity to high [CO2] at temperature range of 25-30 ºC. While I. edulis, the 

temperature-dependence of the emission rate was notably inhibited by increasing [CO2], 

independent of the temperature. For aspen leaves, the maximum emission rate (82.7 nmol m-2 

s-1) was found at 40 ºC under elevated [CO2] while the smallest value (11.7 nmol m-2 s-1) were 

observed at 25 ºC under elevated [CO2]. Instead, in I. edulis the maximum value (58 nmol m-2 

s-1) was found at 40 ºC and sub-ambient [CO2], while the smaller value (10.4 nmol m-2 s-1) 

was found at 25 ºC and elevated [CO2]. Comparatively, the differences relative referent for 

isoprene emissions between the species were 12.5, 38.4, 46.1 and 36.4% to 25ºC, 30ºC, 35ºC 

and 40 ºC, respectively. Overall, our results demonstrated that in P. tremula the interaction 

between high temperature and [CO2] resulted in highest emission rates. While for I. edulis the 

temperature-dependent response was partially inhibited by the high CO2 treatment. 

The postillumination measurement were carried out at interactive effect of different 

temperature values and [CO2], and the DMADP pool size corresponding were obtained. The 

changes in the pattern DMADP pool to P. tremula differed reasonably in relation its steady-

state rate of isoprene (Fig. 1c). We observed that response the DMADP pool as changes of 

temperature was partly driven by CO2 treatments. Comparatively, under 25 ºC and 30 ºC, the 

DMADP pool was negatively affected sob high [CO2], with reductions at a range of 14% to 

30%, respectively. However, at temperatures higher than 30 ºC this effect suppression was 

apparently absent. Total DMADP pool size across all treatments was range 557 to 3205 nmol 

m-2, with maximum value at 35 ºC and 1000 µmol mol-1 CO2. Across all CO2 treatments and 

temperature of 40 ºC, substantial decrease can be observed in relation the temperature of 35 

ºC. However, the levels on average of this substrate at 40 ºC (2134 nmol m-2) still remained 
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higher in relation to the values found to 25 and 30 ºC (668 and 1618 nmol m-2, respectively). 

Thus, high [CO2] it seems to contribute with more DMADP pool formation linked to high 

temperatures than that the lower temperatures found this study. For  I. edulis the pattern the 

dynamics of emissions isoprene across of the treatments were very similar to the changes on 

leaf DMADP content (Figure 1b,d). Contrary to what was observed in P. tremula, the 

inhibition effect by elevated [CO2] on total DMADP pool was found in all temperature 

treatments. We observe that for I. edulis the temperature dependence of DMADP pool size 

was offset by suppression effects. The inhibitory effect of high [CO2] at 25 ºC and 30 ºC 

culminated in the range reduction 18% to 31%, while for 35 ºC and 40 ºC at range 21 % to 

28%. This remarkable difference between CO2 treatments was consequence in the highest 

DMADP content exhibited under smaller [CO2] and high temperatures. For this species, the 

total DMADP pool size across all treatments was range 683 to 3058 nmol m-2, with maximum 

value at 40 ºC followed by a small difference at 35 ºC (2920 nmol m-2), both at CO2 ambient.  

The isoprene synthase enzyme has been isolated and characterized from different plant 

species and tested under different conditions. In our study, both species showed similar 

patterns of IspS in function to changes of temperature and [CO2]. As reasoned in previous 

studies, the increase in temperature led to a significant increase in IspS enzyme activity, 

however, no substantial response to changes in the [CO2] was detected (Fig.1e,f). Although in 

both species the rate constant of IspS had an maximum temperature at 40 ºC, the sensitivity of 

the enzymes to increased temperature showed significant differences. For the P. tremula, the 

rate constant of IspS increased on average 0.02 s-1 at 25 ºC to 0.07 s-1 at 40 ºC. While for I. 

edulis the rate constant the enzyme increased on average 0.02 s-1 at 25 ºC to 0.05 s-1 at 40 ºC. 

In P. tremula and I. edulis as temperature increased from 25 ºC to 40 ºC, the activity the 

enzyme increased by a factor about 1.5 and 1.3, respectively. Moreover, under maximum 

temperature of 40 ºC the difference found was around 44%. 

 

1.3.2 Effect of [CO2] and temperature on photosynthetic parameters 

Consistent with hypothesis that increase [CO2] decreases the vulnerability of 

photochemical mechanisms and reactions in the Calvin cycle to increase in temperature, our 

data show that leaves measure at high [CO2] exhibited the greater values for all 

photosynthetic parameters (Fig. 2). Relatively, aspen leaves exhibited major sensitivity to the 

changes temperature than that I. edulis leaves. For temperate species, the optimum 

temperature for the all photosynthetic parameters was found at 30 ºC associated with high 
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[CO2]. However, at temperature above of 30 ºC, the relative reduction on parameter 

photosynthetic increased across all CO2 treatments. Interestingly, the photochemical 

parameters were less vulnerable in leaves measured at 35 ºC than that net assimilation. At this 

temperature, the photosynthetic rate exhibit clear reduction (range of 23%-40%), while the 

remained photochemical parameter had only minor decrease when compared to the values 

found in 30 ºC. However, the deleterious effect temperature was clearly visible when raised to 

40 ºC. At this elevated temperature, the most prominent constraint was still verified to net 

assimilation (with reductions on average ~75% to each CO2 treatments), followed ETR and 

Fv’/Fm’ (<15% to 150 µmol m-2 s-1 and on average < 30% to 36% for the rest of the CO2 

treatments). 

While for aspen significant treatment effects on the variables analyzed were observed for 

elevated temperature, for I. edulis similar variations were observed across all CO2 and 

temperature treatments I. edulis exhibit values optimum temperature for photosynthetic 

parameters at range 30 to 35 ºC associated also to elevated CO2 treatments. We observed that 

the photosynthetic rate maximum of I. edulis (13.5 µmol m-2 s-1) was clearly lower than 

photosynthetic rate maximum of aspen (25.9 µmol m-2 s-1). As also occurred for the values of 

ETR maximum (145.0 µmol m-2 s-1 to I. edulis and 186.4 µmol m-2 s-1 for temperate species). 

The measures taken with I. edulis leaves were possible to observe the clear effect of three CO2 

regimes. In this case, however, the effect of temperature was less expressive, especially when 

compared with the measurements made with aspen leaves. The increase [CO2] positively 

affected all parameters tested; with slight variations in the response pattern the temperature 

changes. When comparing the effect of three CO2 regimes ascertains that the response of the 

variables follows practically the same trend across all temperatures treatments. Although for 

the photosynthesis the temperature effect was reasonably evidenced at sub-ambient [CO2]. 

Comparatively, leaves measured at 40 ºC, the most constraint was also verified to net 

assimilation (<50% to 150 µmol m-2 s-1and on average <24% to the remainder CO2 

treatments) followed ETR (<17% to 400 µmol m-2 s-1 and on average 3% to the remainder 

CO2 treatments). The parameters qP and Fv’/Fm’ exhibited slight relative reduction at range 1- 

9%, independent CO2 treatment. Just as we did for aspen, these comparisons were based on 

the same CO2 treatments and optimum temperature of each photosynthetic parameter. 
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1.3.3 Energy partitioning photochemical reaction and carbon lost as isoprene at different 

[CO2] and temperature 

As predicted by various study, changes in [CO2] and temperature affected the partitioning 

of energy between the reactions Benson-Calvin cycle and MEP pathway. In both species, as 

CO2 concentrations increased from sub-ambient to elevated, the electron flux used for 

carboxylation (Jv) increase considerably (Fig. 3). However, the increase temperature resulted 

in distinct patterns between the two species (Fig. 3a, b). Although aspen leaves exhibited 

greater photosynthetic rate and ETR at range 25 ºC to 35 ºC, the larger Jv value was found 

only at 25 ºC.  Additionally, the leaf measures range 30 ºC to 35 ºC exhibit values very 

similar, but with substantial decrease (32%) in relation the leaf measured at 25 ºC. This 

negative effect on Jv was even more pronounced at 40 ºC, with significant reductions of up to 

68%. Inversely, as CO2 concentrations decreased and temperature increases, larger the 

fraction of electron was allocated to isoprene synthesis (Jiso) (Fig. 3c). Consequently, this 

effect resulted in significant fraction of carbon lost as isoprene, especially at 40 ºC (about 3.5 

and 8 times more that at conditions ambient and elevated concentrations, respectively) (Fig. 

3e). The increase in Jiso was positively related with increase in isoprene emission rate and 

inversely related to the Jv and photosynthetic parameters measured. 

In I. edulis, the evident stability of photosynthetic parameters across all temperature 

treatments possibly ensured greater supplementation of electron required to support carbon 

assimilation (Fig. 3b). This supplementation was strongly stimulated at high temperature and 

[CO2] (>50% and 30% in compared to sub and ambient [CO2], respectively), unlike of the 

than was observed for temperate species. Consequently, the higher energy demand for the 

carboxylation reactions culminated in lower Jiso, particularly at elevated [CO2] (Fig. 3d). This 

pattern allocation dynamics of the photochemical energy with increase [CO2] was negatively 

related to the percentage of carbon lost as isoprene (Fig. 3f), as well was found for isoprene 

emissions rate and DMADP pool formation (Fig. 1b,d). Like was observed also in aspen, the 

Jiso was more prominent at high temperature and sub-ambient [CO2]. However, the Jiso 

measured in aspen leaves was about 1.5 to 2.5 time more than that was found to I. edulis. 

Consequently, this expressive difference resulted in the loss of carbon as isoprene up to 3 

times more in compared to the values observed in I. edulis. 
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1.3.4 Quantitative analysis of [CO2] and temperature effect on the photosynthetic functional 

components 

 

A quantitative limitation analysis was applied to estimate the effects of changes 

temperature and [CO2] on the functional components (SL, ML and BL) of the overall 

photosynthetic limitations between the two species. Our results demonstrate that functional 

components were significantly unresponsive to the three CO2 regime applied (Fig. 4 and 

Table1). This effect may be related the short-term change in [CO2] performed in this 

experiment. We can observe remark able differences between species relative the parcel of 

constraint of the functional components imposed on net assimilation in function of 

temperature regime. In I. edulis, the temperature changes between the range25 ºC to 30 ºC to 

35 ºC to 40 ºC resulted in significant changes in susceptibility relative of each functional 

component. Under lower temperatures, the biochemical limitation contributes significantly to 

constraints to photosynthesis (>40%). However, diffusional limitation (SL+ML) becomes 

most prominent constraints to photosynthesis as the temperature increased (with maximum 

values in the range of 66% to 80%). Higher temperatures resulting in a lower BL, which was 

approximately half relative to that obtained at smallest temperature. There were significant 

differences the between temperature ranges at 25 ºC to 30 ºC and 35 ºC to 40 ºC for both SL 

and ML, respectively (p<0.05) (Table 1). However, the relative contribution of each 

functional constraint on photosynthesis was significantly variable. The leaves measured at 25 

ºC to 30 ºC exhibited average ratio SL:ML about 1.3:1 (on average of 36% and 18%, 

respectively). While leaves measures at 35 ºC to 40 ºC this ratio increased to 8.6:1 (on 

average 62% and 12%, respectively).In general, the expressive effect of the diffusional 

restriction observed at elevated temperature resulted in significant differences in relation to 

the values found for aspen (Table 2).While I. edulis exhibited prominent diffusional 

restriction (particularly stomatal limitation), aspen had as main restriction photosynthetic 

linked the BL (Fig. 4). The magnitude of response observed in BL was much narrower when 

compared with temperature between 30 ºC to 40 ºC, however, significantly higher in 

compared to the values at 25 ºC (Table 2). Comparatively, the antagonistic effect of 

temperature on BL between the two species resulted in significant differences for all values 

above 25 ºC. However, similarly to I. edulis, mesophyll limitation was significantly higher 

under 25 ºC, but otherwise, SL exhibit no significant difference across all temperature 

treatments.  
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1.3.5 Maximum carboxilation rate (Vcmax), stomatal and mesophyll conductance 

responsiveness to temperature: A comparison to the photosynthetic functional 

components 

In the section above we show the expressive effect of temperature on the overall 

photosynthetic process, where photosynthetic limitations were partitioned into their central 

functional components (see above section). To better understand the points of major 

vulnerability within each functional component, temperature response curve was performed to 

Vcmax, stomatal and mesophyll conductance. As demonstrated from the ANOVA, there was no 

significant effect of the three CO2 regimes on photosynthetic functional components. Thus, for 

this analysis, an average was performed for each temperature value across all CO2 treatments. 

For aspen, the Vcmax value measured decreased with increasing temperature and was 38% 

inhibited at 40 ºC compared to the optimum temperature found at 35 ºC (67.53 µmol m-2 s-1). 

In contrast, the temperature dependence analysis of Vcmax in I. edulis confirms the existence of 

a notable photosynthetic performance observed along this study for species at high 

temperatures (Fig. 5a). The maximum optimum temperature was 40 ºC (262.6 µmol m-2 s-1) 

and it was about 4 times greater compared to the values found for aspen at 35 ºC. The Vcmax is 

primarily determined by the activity of ribulose 1·5-bisphosphate carboxylase/oxygenase 

(Rubisco). The deleterious effect of temperature on Vcmax observed in aspen explains the 

decrease almost linearly in the carboxylation efficiency (A/Ci) across all the measurement 

temperatures analysed. While I. edulis exhibited values nearly identical of A/Ci to each 

temperature value, reflecting the pattern observed to Vcmax temperature response (Fig. 5a, b). 

Substantial decrease on stomatal and mesophyll conductance at high temperatures has been 

observed for two species. However, for both variables, I. edulis leaves exhibited lower values 

in comparison to aspen leaves (mean difference around 45% for all temperatures treatments) 

(Fig. 5c, d). 

 

1.4 Discussion 

1.4.1 Temperature and CO2 interactions on isoprene biosynthetic key process 

 

In this study, leaf-level measurements of isoprene emission were made to determine the 

short- term interactive effect of leaf temperature and [CO2]. For aspen leaves, at rise in 
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temperature range between 25 ºC and 30 ºC, isoprene emissions suppression was not 

observed, with maximum emissions arise at sub-ambient and ambient [CO2]. However, the 

sensitivity pattern shifted as temperature values increased, with peak maximum at elevated 

temperature and [CO2]. Our results are similar to several past studies on poplar leaves 

(Rasulov et al. 2010, Sun et al. 2013, Monson et al. 2016), in which the CO2 sensitivity of 

isoprene emissions is lost at high temperatures (Fig. 1a). This reduction in suppression with 

increasing temperature was also observed in several different temperate tree species, 

including the trembling aspen (Populus tremuloides), and cottonwood (P. deltoides), as well 

red oak (Quercus rubra), and tundra dwarf willow (Salix pulchra), as well genetic lines of 

poplar. In all cases the reduced or not inhibition of isoprene emission at elevated temperature 

has been reported (Loreto and Sharkey 1990, Sun et al. 2013, Potosnak et al. 2014, Monson et 

al. 2016). 

This work extends these observations for a tropical species, and investigates how a species 

adapted to warm and humid environments responds to the same conditions applied to 

temperate species. We verified that both species presented different sensitivities to the 

concomitant response of the temperature and [CO2] treatments. The investigation with I. 

edulis leaves conducted at different temperature and [CO2] exhibited overall similar isoprene 

emissions trends throughout all the experiment (Fig. 1b). Although, the emissions were 

stimulated with increasing temperature, it was possible to observe clear suppression effect at 

elevated [CO2]. For species, the sensitivity to elevated CO2regime occurred across all 

temperature treatments, with the maximum isoprene emissions occurred at high temperatures 

and sub-ambient [CO2]. 

It has been reported broad variability across tropical species in terms of basal isoprene 

emissions and slight difference in shape of the isoprene temperature response for most of 

these species (Lerdau and Keller 1997, Harley et al. 2004, Singh et al. 2007, Bracho-Nunez et 

al. 2013, Jardine et al. 2016). The optimum temperature observed for I. edulis leaves (40 ºC) 

agrees well with some reported tropical species (i.e in Ficus ssp., Keller and Lerdau, 1999; 

Lerdau and Throop, 1999; Mangifera indica, Harley et al., 2004 and Jardine et al., 2013; in I. 

edulis, Jardine et al., 2014; Vismia guianensis, Jardine et al., 2016). However, Lerdau and 

Keller (1997) reported decrease in emission rates under temperature above 30 ºC for tropical 

species Capparis cyanophollophora. Nonetheless, it should be noted that the experiment 

conducted in I.edulis leaves by Jardine et al. (2014), exhibited remarkable discrepancy in 

magnitude and the response pattern to increase [CO2] compared to the results presented here. 

These differences may be driven by short and long-term acclimation, as previous range of 
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growth temperature and irradiance, different stages of foliar development, as well as 

differences in analytical techniques (Kuhn et al. 2004, Ortega et al. 2008, Staudt et al. 2010, 

Niinemets et al. 2010, Steinbrecher et al. 2013, Oku et al. 2013). The broad variations in 

emission rates in response to environmental factors has been documented, even within a given 

species, for instance, in response elevated CO2 at some temperature dependent value applied 

(Oku et al. 2014, Potosnak et al. 2014).This highlights the need for a broad sampling of the 

response to leaf isoprene emission in tropical regions, simulating concurrently different 

environmental conditions. 

In the current study, the temperature responses at different [CO2] were systematically 

standardized using individual sun-adapted leaves. In addition to this experiment, CO2 

response curves were conducted under standard conditions (30 ºC leaf temperature and light 

intensity of 1000 µmol m-2 s-1) and total isoprene emissions rate peak found at range of [CO2] 

between 150 to 300 µmol mol-1 (data not shown). This explains very similar values of 

isoprene emission rates under sub-ambient (150 µmol mol-1) and ambient CO2 (400 µmol mol-

1) treatments found in the current study (Fig. 1b). Under all experimental conditions there 

were decreases in emissions as [CO2] increase, independent of the temperature values. Under 

standard conditions, the range the individual values of the emission rates measured 

here(emissions ≥25 and <45nmol m-2 s-1), are in good agreement with the previous values 

reported by Monson et al. (2013)(emissions ≥30 and <50 nmol m-2 s-1) for the genus Inga. 

While the values found in Jardine et al. (2014) at similar conditions varied around 80 nmol m-

2 s-1 with maximum up to ~200 nmol m-2 s-1 under elevated temperature and medium CO2 

concentrations (Ca = 300 µmol mol-1). 

 

1.4.2 Implications for elevated CO2 and temperature on DMADP pool size and isoprene 

synthase activity 

Under moderate temperature (about 30 °C) the DMADP level had been partly affect by 

high CO2 (Rasulov, Hüve, Välbe, Laisk, and Niinemets 2009), however, an overall decrease 

from increase of temperature above 35 °C, while the rates of isoprene emission continued to 

increase (Rasulov et al. 2010, Li et al. 2011).This inverse relationship is linked to strong 

temperature response of IspS kinetics resulting maximum isoprene emissions rate when 

shifted toward higher temperature (Fig. 1e). Several studies have established that IspS enzyme 

is thermodynamically stable and its optimum temperature is between 40 ºC to 50 ºC (Monson 

et al. 1992, Schnitzler et al. 2005, Sasaki et al. 2005, Rasulov et al. 2010, Li et al. 2011). 
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Thus, has been suggested that deleterious effect of elevated temperatures (above 35 ºC) in 

availability of substrate can be offset by stimulus of IspS activity (Magel et al. 2006, Rasulov 

et al. 2010).The experiment conducted in I. edulis, the positive effect of the temperature on 

IspS activity did not reduce the CO2 suppression in both isoprene emissions and DMADP 

pool size (Figure 1b,d). Moreover, the temperature effect was less pronounced than observed 

in aspen leaves (Fig. 1f). This behavior of the enzyme activity for I. edulis may be related to 

previous multi-regulation in the amount de transcripts, post-translational modifications and 

protein levels correlate with variations in isoprene emissions rates seen in leaves adapt to 

tropical environmental conditions (Oku et al. 2013, 2015, Mutanda et al. 2016). In both cases, 

the instantaneous temperature dependencies of IspS enzyme was clearly demonstrated, 

however, none distinguished IspS activity-CO2 response was detected. Our results are in 

agreement with the findings of Rasulov et al. (2009b). Nevertheless, changes in growth CO2 

concentration can significantly affect the activity of IspS, and extent of the effect is dependent 

of different environmental conditions (Possell and Hewitt 2011, Niinemets and Sun 2014). 

Therefore, additional studies are required for better characterization of the IspS temperature 

dependencies in plants grown under different [CO2] conditions. 

The current study present the first controlled-environment measurements assay DMADP 

pool in vivo under simultaneous effect temperature and [CO2] in a tropical species. The 

DMADP levels followed the same trend pattern response as found to the emission rates at 

switched temperature and [CO2] (Fig. 1b,d). At least in the short-term, the suppression effect 

observed throughout the experiment may be linked the shift dynamic in allocation of energetic 

cofactors between chloroplastic reactions and MEP pathway activity (Niinemets et al. 1999, 

Grote et al. 2014, Morfopoulos et al. 2014). This statement is supported by the gradual 

increase in electron flux used for the net assimilation and decrease of both fraction of electron 

allocated for isoprene and DMADP pool size as [CO2] increase at all temperature regime (see 

Fig. 1 and 3). Indeed, has been postulated that the reduction in partitioning of energy 

cofactors can adversely affect in availability of intermediate metabolites used in isoprene 

biosynthesis via down-regulation reducing equivalents-dependent MEP enzymatic reactions 

(Li et al., 2011; Li and Sharkey, 2013; Rasulov et al., 2016). The imbalance in the influx of 

energy associate the changes in the pattern of emission rate appear to be coupled mostly the 

alterations in 2-C-methylerytritol-2,4-cyclodiphosphate (MEcDP) and DMADP pools 

(Rasulov, Hüve, Välbe, Laisk, and Niinemets 2009, Li et al. 2011, Rasulov et al. 2011), likely 

by action-mediated deoxyxylulose 5-phosphate synthase (DXS), MEcDP reductase and 

hydroxy-methylbutenyl diphosphate synthase (HDS) activity control (Carretero-Paulet et al. 
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2006, Mongélard et al. 2011, Wright et al. 2014, Simpson et al. 2016). It has been noticed that 

MEcDP changed in parallel with the DMADP content in function to major environmental 

drivers changes (Ghirardo et al. 2014). Additionally, alterations in MEP-intermediates to 

DMADP pool ratio are associated to species specific physiological responses (Rivasseau et al. 

2009, Ghirardo et al. 2014). In hybrid aspen, MEP-intermediates pool exceeded to DMADP 

content with the temperature rise beyond 35 ºC (Rasulov et al. 2011). The exposure isoprene-

emitted gray poplar to different environmental conditions resulted strong accumulation of 

both MEcDP and plastidial DMADP pool, however, switching to high temperatures (40 ºC), 

the MEcDP intermediate sharply decreased relative to DMADP content associated the fall of 

the isoprene emissions rate (Ghirardo et al. 2014). In oak leaves, the pool total of MEP-

derivate metabolites and isoprene emission stayed constant with increasing [CO2], albeit 

slightly decrease DMADP content has been observed (Li et al., 2011). The relative increase of 

MEP-intermediates, in special MEcDP, in comparison with DMADP implies that the steps 

requiring reducing equivalents such HDS and hydroxy-methylbutenyl diphosphate reductase 

(HDR) reactions are energy-limited at elevated temperature restriction (Rasulov et al., 2016). 

Also, It is assumed that multiple process compete for chloroplastic DMADP pool driven by 

environmental factors and leaf physiological status (Kuhn et al. 2004, Loreto et al. 2007, 

Rasulov et al. 2014, Niinemets et al. 2015b). The effect short-term temperature and 

atmospheric [CO2] on leaf physiological status coupled with other strong environmental 

drivers (i.e. water deficit) may lead alterations in metabolic demand by MEP-derived 

precursors and redirect the intermediate substrates in favor synthesis of other plastidial 

isoprenoids (Nogues et al., 2006; Brilli et al., 2013; Ghirardo et al., 2014; Jud et al., 2016; 

Simpson et al., 2016). 

It is interesting to note the similar response pattern on DMADP pool size for both species 

was observed at optimum temperature range 25ºC to 30ºC, suggests possible common 

regulatory mechanisms via substrate availability. The decay of the plastidial concentration of 

DMADP under high CO2can be associated the activity of the pathway, the adaptive features 

and plant’s physiological conditions in function to different leaf growth environment 

(Mutanda et al. 2016). Multiple enzymatic reactions of the MEP pathway exhibit slight 

differences temperature-dependent regulation on intermediates formation as well different 

levels of affinity for the its substrates and energetic cofactors (Cordoba et al. 2009, Rivasseau 

et al. 2009, Vranová et al. 2013, Zhao et al. 2013). Analyses of the biphasic kinetics of the 

postillumination have verified complete depletion of the MEP-intermediates (referred as 

“dark pool”) under lower temperatures (Rasulov et al. 2011). Alternatively, potential short-
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term biochemical feedback regulation by end products of MEP pathway (IDP and DMADP) 

may have resulted down-regulation of the 1-deoxy-D-xylulose 5-phosphate synthase (DXS) 

activity, which may have limited the accumulation of substrate for the synthesis of isoprene 

(Banerjee et al. 2013, Ghirardo et al. 2014). 

The mechanisms of regulation in the flux and concentration of MEP-intermediates can be 

dependent of the adaptation and acclimation response of species to severe temperature 

changes associated the ratio costs related to the production of isoprene and it’s adaptive value 

under high [CO2] conditions (Darbah et al. 2010, Way et al. 2011, Sharkey and Monson 2014, 

Vanzo et al. 2015). The species best fitted to physiologically high temperatures, subjected to 

rising [CO2], can increased the tolerance or even the potential for stimulate photosynthetic 

processes (Lloyd and Farquhar 2008, Cernusak et al. 2013). This response could allow a 

better functioning of the photochemical processes associated to the increase in demand for 

ATP and NADPH by the reactions of the Benson-Calvin cycle and thus reduce the availability 

of these energetic cofactors to other sink reactions (Rosenstiel et al. 2004). In this way, is 

possible that the temperature value within optimal threshold for the species, the instantaneous 

emission rate at high [CO2] can be subject to substrate regulation via accumulation of MEP-

intermediaries and DMADP pool both driven by energetic cofactors availability. 

 

1.4.3 The optimal temperature threshold between species dictates the CO2 suppression on 

isoprene biosynthesis 

The photosynthetic process is considered the principal carbon and energy source for the 

isoprene synthesis (Niinemets et al. 1999, Unger et al. 2013, Grote et al. 2014, Morfopoulos 

et al. 2014). In total around 120-175 Pg C per year assimilated by terrestrial vegetation (Beer 

et al. 2010, Welp et al. 2011) about 1-2% is re-emitted back to the atmosphere as isoprene 

(Guenther et al. 2012). Under steady-state conditions, leaf emissions rate of isoprene are 

related to increased electron transport rate (Monson et al. 1992, Sharkey and Loreto 1993, 

Dani et al. 2014b), triose phosphate and energy cofactors levels, as well flow and proportion 

of intermediate throughout the MEP pathway (Loreto and Sharkey 1990, Pokhilko et al. 

2015). Over the years it has demonstrated that synthesis and emission of isoprene are strictly 

regulated by many environmental triggers, particularly light, temperature, water 

supplementation and [CO2]. Much of that control is attributed the close relationship between 

the biosynthetic reactions of isoprene and the photosynthetic process.  
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As outlined in the section above, the temperature and [CO2] effect may alter the flow and 

accumulation of metabolic intermediates from catalytic action of the enzymes of MEP 

pathway. However, it should be noted that alterations of these substrates alone could not 

explain observed variations in isoprene emissions (Wiberley et al. 2008, 2009). Due the 

interrelationship between the photosynthetic process and isoprene synthesis, the effect of 

environmental factors on MEP pathway activity may be primarily triggered by the shift in the 

availability of redox equivalents and photoassimilates products to into pathway. Empirical 

evidence and semi-mechanistic models has suggested that changes in isoprene emissions 

induced by changes in [CO2] is due to changes in partitioning of ATP and reducing power 

between Benson-Calvin cycle and MEP pathway (Rasulov, Hüve, Välbe, Laisk, and 

Niinemets 2009, Grote et al. 2014, Morfopoulos et al. 2014, Rasulov et al. 2016). Under the 

optimal temperature threshold, the increase in [CO2] can stimulate the net CO2 uptake, 

increasing the demand for reducing power and ATP in order attends the highest demand 

carboxylative (Hikosaka et al. 2006). Such situations may decrease the fraction of electron 

allocated to MEP pathway and consequently limit the synthesis of isoprene (Morfopoulos et 

al. 2013, 2014, Grote et al. 2014). Indeed, some observations support the hypothesis that 

isoprene emissions are influenced by the balance of reducing power between what is needed 

for reactions of carboxilation and other major energetic cofactors sinks (Rosenstiel et al. 

2004). In situations that result in an increase in availability of photosynthetic reducing power 

above that required to support Rubisco-limited photosynthesis has shown a persistent 

tendency to increase isoprene emission (and the fraction of assimilated carbon lost as 

isoprene)  (Sharkey and Loreto, 1993; Rasulov et al., 2009b; Rasulov et al., 2010; Peñuelas et 

al., 2013). However, the balance in the supply of energetic cofactors between the reactions of 

carboxilation and other sinks reactions can depends on the species-specific ability to tolerate 

temperature stress of form to keep the metabolic activity (Clarke and Johnson 2001, Hikosaka 

et al. 2006, Osório et al. 2013, Kaiser et al. 2015).  

The short-term experiments conducted with aspen leaves, the increase in ambient CO2 

concentration under optimal temperature (up to ~30°C) enhanced rates of photosynthetic 

parameters, facilitating more efficient dynamic photosynthesis (Fig. 2), as reported by 

(Rasulov et al. 2010, Sun et al. 2013). Under this condition, the temperature response curves 

under different [CO2], the photosynthesis process was entirely distinct in regarding response 

of isoprene. The maximum of isoprene emissions is shifted toward higher temperature with 

gradual reduction of the suppression effect at high [CO2]. 
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Under optimal temperature, the increase [CO2] resulted in the gradual increase in Jv 

coupled decrease in Jiso. The enhancement energetic requirement for carboxylation in 

response to increases [CO2] was noted also for I. edulis throughout all the experiment. In both 

species, the change in energetic partitioning in favor of the photosynthesis process resulted in 

lower rates isoprene emissions rate associated with the decrease DMADP size pool (Fig. 3). 

These results support hypothesis that under steady-state conditions the decoupling 

between carbon assimilation and isoprene emission at high [CO2] is due to competition for 

electron between Benson-Calvin and MEP pathway (Niinemets et al., 1999; Rasulov et al., 

2009b; Harrison et al., 2013; Morfopoulos et al., 2013; Grote et al., 2014; Morfopoulos et al., 

2014; Rasulov et al., 2016). This supposition is based upon the stimulation of processes 

carboxylation as [CO2] increases, situation that increases the demand for ATP and NADPH 

by Benson-Calvin cycle limiting the supply energy cofactors required for synthesis of 

isoprene (Niinemets et al., 1999; Grote et al., 2014;Morfopoulos et al., 2014). The substrate-

level control theory assume that suppression isoprene emissions induced by elevated [CO2] is 

due to the decrease DMADP pools size mediated by limited availability energetic metabolites 

(Rasulov, Hüve, Välbe, Laisk, and Niinemets 2009). This dependence for energy 

requirements has been confirmed along the years(Loreto and Sharkey 1990, Monson et al. 

1992, Dani et al. 2014b, Niinemets et al. 2015a, Pokhilko et al. 2015) and changes in energy 

flux to other redox reactions rather than the via MEP pathway it has been considered an 

important point control in isoprene biosynthetic processes (Harrison et al., 2013; Peñuelas et 

al., 2013;Morfopoulos et al., 2014; Rasulov et al., 2016). 

 

1.4.4 Temperature dependence of photosynthesis affects CO2 sensitivity on isoprene 

biosynthetic process 

 

In both species, the increase leaf temperature stress (especially at low [CO2]) caused a 

decline in the photosynthetic dynamic accompanied by increase in rates of isoprene emission 

above the of net CO2 uptake. We observed that under reduced atmospheric CO2 availability, 

the photosynthetic process was further more sensitive to increase in temperature, due to 

decreased carboxylation activity and greater susceptibility of electron flow to the temperature 

increase (Fig. 2 and 4b). Plants subjected to low atmospheric CO2 partial pressure, the 

electron transport system is relatively compromised, likely due to insufficient regeneration of 

NADP+ and ADP (Riikonen et al. 2005). Low [CO2] level induces changes in the flow of 
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electrons through the photosystems and energy excess accumulation, mainly at high light 

intensity (Miyake et al. 2005). The increased vulnerability of photosynthetic processes under 

conditions of high temperature and low [CO2] followed with the shift in the energy flow from 

carboxylation reactions towards the isoprene biosynthesis (see Fig. 3). The poor relationship 

between the temperature dependence of photosynthetic processes and isoprene emission rate 

suggests that the increased drainage of energy with the rise temperature can be favored by the 

increase of enzymes activity of the MEP pathway (Li et al. 2011). Fact supported by major 

activation of IspS with the increasing the temperature (Fig. 1e, f). In this study, there was a 

expressive difference for the values of A and ETR between the two species, what may have 

been favored by values of quantum flux density below the saturation point to I. edulis used 

here (i.e. light saturation point for the species is ~1500 µmol m-2 s-1 - data not shown). In 

aspen leaves, the net assimilation and ETR was further more vulnerable to increase the 

temperature, with reductions up to 94% and 38%, respectively. Meanwhile, I. edulis exhibited 

decrease up to 85% and 27%, respectively (values compared to standard conditions). As 

result, the proportion of assimilated carbon lost as isoprene was almost ~50% more in aspen 

leaves than that in I. edulis (for comparison see Fig. 3e,f).  

In aspen leaves, although elevated CO2 ameliorate the adverse effects the increase 

temperature, under  35 ºC the net assimilation were significantly compromised, while 

fluorescence measurements were little affected, and scaled positively with the increase in 

[CO2] (Fig. 2). This result is consistent with other works (Copolovici et al. 2005, Sharkey 

2005, Behnke et al. 2007) reporting a discrepancy between photochemical process and CO2 

assimilations during short high-temperature event. The highest optimum temperature of the 

photochemical parameters is consistent with protection against heat stress from increment 

[CO2] (Fortunato et al. 2016), and also the additional thermal protection of the isoprene 

provided the thylakoids membranes structures (Loreto et al. 2001, Behnke et al. 2007, Siwko 

et al. 2007, Velikova et al. 2012, Pollastri et al. 2014, Vanzo et al. 2015). At the same time, it 

is possible that decrease of CO2 assimilation is associated with Benson-Calvin cycle reaction 

(Schrader et al. 2004). In some cases, the Rubisco activity and activation state are among the 

most sensitive photosynthetic components during subsequent exposure to high temperatures 

(Crafts-Brandner and Salvucci 2000, Schrader et al. 2004, Liu and Huang 2008). 

Alternatively, this difference can be caused by enhanced alternative electron transport in order 

to maintain a sufficient transthylakoid proton gradient and provide additional protection 

against photoinhibition in the face of increasing permeability of the membranes at moderately 

high temperature (Schrader et al. 2004, Brestic et al. 2016). These facts could explain the 
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more susceptibility of the gas exchange compared to fluorescence measurements at elevated 

temperature. However, further researches are necessary to investigate these possible claims 

for the different response patterns of thylakoid reactions and CO2 assimilation to short high-

temperature episodes.  

Additionally, when the leaves are exposed to high CO2 conditions (compared to normal 

CO2), the photosynthesis is highly activated with an moderate heat stress (Nijs and Impens 

1996). This provides power drain and protection additional from feedback regulation 

(Fortunato et al. 2016). The maintenance of transthylakoid potential coupled the reduction in 

carboxylation rates would help in maintenance of ATP levels during transient increase in 

temperature (Schrader et al. 2004). This excess energy not used in the Benson-Calvin cycle 

could then support to the increase in the synthesis of isoprene and DMADP pool size 

combined to the effect of temperature in acceleration of isoprene synthase activity (see Fig. 

3). In the case of the tropical species, the optimal temperature of photosynthesis increased 

significantly with [CO2], resulting in much larger supply of energy for carbon assimilation 

than that for isoprene synthesis (Fig. 3b, d). Indeed, the temperature response observed in 

photosynthetic parameters was strongly driven by the CO2 regime applied. Under elevated 

temperature and CO2 treatments, the net assimilation, ETR and Fv’/Fm increase around of 

18%, 15% and 4% respectively, in comparison the standardized conditions.   

For temperate species, the values of A, ETR and Fv’/Fm’ dropped significantly at 

temperature above 35 ºC, which may have led to reduced formation of DMADP substrate 

(Behnke et al. 2013). Although isoprene emissions scaled positively with DMADP pool size 

(Rasulov, Hüve, Välbe, Laisk, and Niinemets 2009), the decrease of the substrate did not 

resulted to decline in isoprene emission rate owing up-regulation of IspS enzyme, as 

previously discussed. These results are in agreement with measured in oak, poplar and hybrid 

aspen in which it has demonstrated that the DMADP increased with temperature up to 35 ºC 

before starting to decrease (Rasulov et al. 2010, Li et al. 2011). Unlike tropical species, 

extremes of temperature value caused strong down-regulation the photosynthetic process 

which can affect the influx of photosynthetically assimilated carbon and reducing power for 

isoprene biosynthesis (Rasulov, Hüve, Välbe, Laisk, and Niinemets 2009, Behnke et al. 

2013). From 13CO2-labeling experiment have revealed that salt-treated plants measured at 

elevated temperatures tended to show a decrease total DMADP, but higher fraction of 

unlabeled DMADP and isoprene compounds (Behnke et al. 2013). This lowest proportion of 

completely labeled isoprene and DMADP molecules has also been observed in trees grown 

under sub-ambient CO2 conditions (Trowbridge et al. 2012). The isoprene emissions and 
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DMADP pool size could be negatively affected when liquid carbon supplementation is below 

the CO2 compensation point of photosynthesis or in CO2-free air (Loreto and Sharkey 1990, 

Rasulov, Hüve, Välbe, Laisk, and Niinemets 2009). This effect has been related to an 

impaired of carbon input (glyceraldehydes 3-phosphfate and/or pyruvate) into the MEP 

pathway (Loreto and Sharkey 1993, Wolfertz et al. 2003). In contrast, Rasulov et al. (2009b) 

studied CO2 responses of isoprene emission and DMADP production from hybrid aspen 

leaves and found maximum isoprene emission rate and DMADP content shifted toward close 

to the CO2 compensation point. These data collectively suggest that carbon skeletons are 

enough for isoprene synthesis and DMADP pool formation since that the net assimilation 

carbon is slightly positive and that a fraction of the photosynthetic carbon may be replaced by 

other carbon sources (Behnke et al. 2013). The strong decline of ETR and Fv’/Fm’ above of 35 

ºC was closely associated with the decrease in DMADP pool size (see Fig. 1 and 2). Taking 

into consideration that the activation state of IspS does not change during short-term 

temperature change (Rasulov et al. 2010), besides of the decrease observed in transport and 

capture efficiency of excitation energy by open PSII reaction, the inhibition of DMADP 

content can have been caused primarily by reduced energy cofactors availability associated 

with possible involvement stored/older carbon sources to sustain isoprene biosynthesis. 

Alternatively, prominent temperature response has been observed in metabolites upstream 

DMADP synthesis. As temperature increase, is observed enhancement in ratio between this 

early intermediates and DMADP pools (Li et al. 2011). The impairment in the flow of 

electrons under high temperature can disrupted energy cofactors-dependent reactions MEP 

pathway leading to decrease DMADP pool as result of accumulation of intermediaries that 

preceding reducing equivalents-dependent steps (Li and Sharkey 2013). Rapid transient 

temperatures switch from 30 ºC to 40 ºC, emissions levels initially increase but then fell and 

stabilize. This increased initially has been linked to increase IspS activity and then decreased 

over time in early intermediates metabolites (primarily MEcDP) (Li et al. 2011). 

Characteristically, the MEcDP pool is depleted more quickly than the DMADP pool under 

conditions limiting photosynthesis (Ghirardo et al. 2014). Such evidence suggests that the 

decrease DMADP pool size in aspen leaves observed above 35 ºC is due the impaired in the 

synthesis of early MEP-metabolites, as a result shortage energy flow through MEP pathway 

(Rasulov et al., 2010; Li & Sharkey, 2011). Additionally, the optimum kinetic activity range 

(40 ºC to 48 ºC) for IspS enzyme, and depletion of early metabolites and DMADP up to 40 

ºC, imply that the optimal temperature of the enzymatic reaction upstream of DMADP are 

lower than for IspS enzyme. This assumption is corroborated from the inverse relationship of 
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high Jiso and DMADP level depletion under temperature highest than 35 ºC. It is likely that 

this excess energy not used for carbon assimilation can have been driven for photorespiratory 

process as result the photosynthetic impairment and temperature-dependent change in the 

solubility ratio of O2/CO2 (Singh and Reddy 2015). 

In general, both species display important divergences among the photosynthetic 

processes and isoprene emission rate across CO2 treatments, especially under highest 

temperatures. These differences are mainly related to optimum temperature for photosynthetic 

process and the isoprene emission response under elevated temperatures. These discrepancies 

among the species resulted in the greater fraction of carbon lost as isoprene in aspen than that 

I. edulis as consequence of the exerted pressure of the temperature on process involving 

carbon assimilation and electron transport chain coupled the synthesis of ATP and reductant. 

 

1.4.5 Implication for elevated CO2 suppression on changes in carbon partitioning 

 

Additionally to the changes in energy partitioning, alterations in CO2 concentrations can 

lead to changes carbon allocation pattern between MEP pathway and other intracellular 

metabolic processes (Rosenstiel et al. 2004, Ghirardo et al. 2011). Smaller photosynthetic 

rates under conditions low CO2 may force greater involvement of stored carbon sources for 

isoprene synthesis and its involvement may further increase under heat stress (Trowbridge et 

al., 2012; Behnke et al., 2013, Kreuzwieser et al. 2002), or artificial impairment 

photosynthesis (Schnitzler et al. 2004). Under high temperature, limited atmospheric CO2 

availability and water-stressed leaves (situations that generally increase the emission rates), 

the fraction of isoprene and DMADP molecule 13C-labeled is smaller than in control trees 

(Funk et al. 2004, Brilli et al. 2007, Ghirardo et al. 2011, Trowbridge et al. 2012). It is 

believed that the fraction of unlabeled carbon sources emitted is channeled, at least partly, 

through the pyruvate substrate (Trowbridge et al. 2012). The interspecific differences in the 

isotopic discrimination during isoprene production are varied (Affek and Yakir 2003, Funk et 

al. 2004, Behnke et al. 2013), and the source origin and relative extent that this stored carbon 

can be used in the synthesis of isoprene still unclear.  

The possible biochemical mechanism is the competition between cytosolic and 

chloroplastic process for phosphoenolpyruvate (PEP) substrate. According to some researches 

the higher rates of isoprene emission at reduced CO2 availability is caused by decrease in the 

demand PEP by cytosolic reactions, enhancement its influx into chloroplasts (Rosenstiel et al. 
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2003, 2004, Possell and Hewitt 2011, Trowbridge et al. 2012). The same reasoning is used for 

explain the CO2 suppression on isoprene emissions, though in this case, shifting competition 

occurs the favor of cytosolic reactions, affecting negatively the input of PEP into chloroplasts. 

A fundamental determinant appeared to be the activity of the cytosolic enzyme PEP 

carboxylase. The down-regulation of PEP-carboxylase activity had resulted in enhanced the 

rates of isoprene emissions (Rosenstiel et al. 2003). In addition, some evidences have 

demonstrated that the activity of the enzyme increase in plants grown under elevated [CO2] 

and its activity is inversely related with rates of isoprene emissions and DMADP 

concentration (Loreto et al. 2007, Possell and Hewitt 2011). It has been reasoned that PEP can 

be converted to pyruvate through glycolytic reactions and used as substrate for respiration or 

transported into the plastids via specific PEP/Pi translocator (Fischer et al. 1997) and then 

converted to pyruvate from plastidial pyruvate kinase activity (Givan 1999).The idea that 

photosynthetic active chloroplasts lack a complete glycolysis to PEP has been debated to the 

years long (Plaxton 1996, Givan 1999, Mininno et al. 2012). In Arabidopsis, the enolase 

activity had been observed in different tissues, but not in the mesophyll of leaves (Prabhakar 

et al. 2009), while chloroplast of Pisum sativum, the presence of the enzyme 

phosphoglycerate mutase had been confirmed (Bayer et al. 2011). Its appear therefore that is 

possible that via glycolytic in chloroplasts might proceed up to 2- phosphoglycerate, but not 

from 3- phosphoglycerate to PEP and pyruvate. These findings suggest that the input of PEP 

into the chloroplast most likely occurs via specific PEP/Pi translocator (Fischer et al. 1997). 

Further researches are needed to better understand in relation PEP transport mechanisms-CO2 

responses and compartmental origin of the pyruvate formation and its respective use in 

biosynthesis of isoprene.  

Our experiment does not consider the influence of CO2 conditions on specific carbon 

sources for isoprene synthesis and particularly the results obtained here demonstrate that 

observed CO2 suppression is consistent with shifting of the energy flux the favor Benson-

Calvin cycle (Rasulov et al. 2010, Harrison et al. 2013, Morfopoulos et al. 2014). Moreover, 

some investigations of long-term have evidenced the trend of slower incorporation of the 

alternative carbon sources to sustain isoprene production (Rosenstiel et al. 2003, Funk et al. 

2004, Schnitzler et al. 2004, Brilli et al. 2007, Trowbridge et al. 2012). This suggests that 

short-term experiment applied here is most likely affected by shift in the partitioning of 

recently assimilated carbon pools (CITAR). However, it is not yet unclear how type and 

duration environmental stress factors on the allocation of carbon source(s) to isoprene 

synthesis. We have therefore does not exclude the possibility that alternative carbon sources 
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may have contribute to the synthesis of isoprene, provided the photosynthetic electron 

transport continues to supply reducing power. 

 

1.4.6 Effect of temperature and [CO2] on photosynthetic functional aspects: implications on 

change in energy and carbon partitioning for isoprene synthesis 

The features that establish the photosynthetic processes exposed to multiple 

environmental drivers stressors may be quite variable depending the adaptability and ability 

of acclimation on species (Kattge and Knorr 2007, Galmés, Kapralov, et al. 2014, von 

Caemmerer and Evans 2015, Galmés et al. 2016, Perdomo et al. 2016). Variations species-

specific response of the main mechanisms of regulation of photosynthetic causes strong 

implications in energy flow and allocation of photoassimilates (Seemann et al. 1984). 

Simultaneous investigations of the temperature and CO2 response showed that both maximum 

carboxylase activity (Vcmax) and diffusional restriction (SL+ML) were, at least partly, 

responsible for the differences in photosynthetic temperature dependence between the two 

species (Fig. 4 and 5 - see also supplementary data Fig.S3). The best thermal tolerance 

attributed to tropical species is associated not only just to the further stabilization 

photochemical reactions, but also the strong temperature dependence observed for Rubisco 

activity (Fig. 5). Another major point is the wide variation of stomatal response to 

temperature and CO2, (Bunce, 2000; Bunce, 2004; Aasamaa & Sober, 2011; Zhang et al., 

2012) having direct and/or indirect implications on a number subcellular processes (Jiang et 

al., 2006). Usually the increase in the temperatures and [CO2] lead to decreased stomatal 

conductance modifying the flow of sensible heat and internal concentrations of CO2  

(Blonquist et al., 2009). On the other hand, increasing the leaf temperature could result in 

changes in the energy flow between various processes sink, such as photorespiration (During 

& Harst, 1996; Igamberdiev, 2004; Voss et al., 2013). Therefore, is acceptable the stimulus of 

photorespiration can alter the energy balance between the carboxylation reactions and likely 

the isoprene synthesis (Igamberdiev et al.,  2001). 

Significant diffusive limitations (table 1) to entry CO2 into chloroplasts was observed for 

the tropical species at what could have driven to reduce in concentrations of substrate around 

the catalytic site of Rubisco, thus leading to total decline in its activity. It does appear, 

however, larger stomatal limitation determined for specie can be, in principle, discarded or 

offset by temperature dependence activation state of enzyme (Jensen 2000). This fact can be 

corroborated from in the solid carboxylation efficiency (Figure 5b). Indeed, several tropical 
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species exhibit strong stomatal sensitivity to changes in precipitation and temperature, 

corroborating with the significant stomatal limitation observed here. Previous studies has 

suggested under stress conditions, stomatal limitations via decreased the intercellular [CO2] 

can force greater involvement of alternative carbon sources for isoprene (Funk et al. 2004, 

Schnitzler et al. 2004, Brilli et al. 2007). This assertion has been based on decrease of the 

fraction photosynthetic-derived carbon correlated the largest fraction of carbon unlabeled 

emitted as isoprene. In addition,  decline of stomatal conductance can led evaporative cooling 

reduction, and hence enhancement leaf temperature and isoprene volatility, coupled to the 

effects internal CO2 concentrations decrease on the emissions rates (Pegoraro et al., 2004; 

2005). 

Previous studies have emphasized that Rubisco activation is the major limitation to CO2 

uptake via Rubisco activase control (Crafts-Brandner and Salvucci 2000, Jensen 2000). 

Despite being beyond the scope of this article, is important to mention that changes in the 

kinetics of Rubisco under high temperature and [CO2] can lead photosynthesis constrained 

due activity of Rubisco activase. The activity of Rubisco activase itself require ATP, as well 

is associated redox balance of the chloroplast. Thus, is possible that decrease Rubisco activity 

observed for temperate species can have emerged from impairment of the Rubisco activase 

via failure of the photochemical process (Jensen 2000). Although heat-stressed in aspen 

leaves displayed decreased photosynthetic rates, only slight diffusive restriction occurred. 

Thus, the deleterious short-term effect of temperature on carboxylation capacity of Rubisco 

defines just biochemical limitation observed for aspen leaves (Fig. 4). Characteristically, our 

results indicate differential susceptibility of the species with regard to impact of short-term 

changes in temperature on individual functional components associated essentially to 

biochemical (P. tremula) and stomatal limitation (I. edulis). 

Unlike aspen, in I. edulis leaves the increase temperature did not significantly affect 

photosynthesis, mainly at high CO2 conditions, which allowed theses leaves optimize overall 

performance photosynthetic capacity. Meanwhile, the rates of isoprene emissions fall 

significantly, because in large part the energy distribution in favor of the Benson-Calvin 

reaction. Recent studies had  provide further new hypothesis to explain the CO2 suppression 

effect on isoprene emissions based in the triose phosphate use (TPU) limitation of 

photosynthesis (Li and Sharkey, 2013b). The mechanism behind of TPU limitations is related 

to metabolic imbalance between triose phosphate production and triose phosphate utilization 

(Sharkey 1985). In situations where sugar phosphates are produced at rates higher than they 

are required, the export of stromal triose phosphate (TPs) would not be balanced by counter-
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exchange with Pi, this would cause a depletion of the Pi pool leves within the chloroplast to 

the level limiting electronic transport rate and photophosphorylation (Sharkey and Vanderveer 

1989). The short-term feedback regulation of photosynthesis mediated by depletion leaf Pi 

pool results in a series of events (increase the transthylakoid ΔpH gradient, low ATP/ADP 

ratio, 3-PGA and RuBP accumulation and deactivation of Rubisco and key enzymes involved 

in RuBP regeneration; (Sharkey 1985, Stitt and Quick 1989, Yang et al. 2016), especially 

when sucrose accumulates in leaves due to low demand from sinks (Huber et al., 1992; Stitt 

and Quick 1989). Additionally, the photoassimilates accumulation and resultant increase in 

the 3-PGA/Pi ratio inside the chloroplast can serve as a signal to stimulate starch synthesis 

(Paul and Foyer 2001, Zeeman et al. 2007, Geigenberger 2011).  

Our laboratory has conducted a number of recent controlled and field experiments using 

individual I. edulis leaves. The measurements recorded exhibited strong trend in reduction 

light-saturated photosynthetic rate associated to declining ETR at high [CO2] (data not 

published - supplementary data – Figure S4). The response of CO2 uptake to intercellular CO2 

concentration (A/Ci curve) describes two, sometimes, three potential limiting processes the net 

uptake carbon (Farquhar et al. 1980, Sharkey et al. 2007). At high [CO2], an additional 

increase in Ci can result in a change to another region of plateau or decrease in A and ETR if 

TPU becomes limiting (Long and Bernacchi 2003, Sharkey 2016). In leaves exhibiting 

feedback-limited photosynthesis, as result of low leaf phosphorus status, a strong inhibition of 

isoprene emission rate and DMADP pool size has been observed and interpreted as resulted of 

the reduction in rates of production of ATP, NADPH and/or triose phosphates 

supplementation (Monson and Fall 1989, Li and Sharkey 2013, Rasulov et al. 2016). The 

suppression of ATP and reducing equivalents levels in feedback-limited conditions could 

constrain conversion of upstream phosphorylated intermediate of the MEP pathway, 

presumably the key MEcDP pool to DMADP and resultant rate of isoprene emission (Li and 

Sharkey, 2013a; Rasulov et al., 2016). Therefore, short-term increase in [CO2] can not only 

limit the availability of energy cofactors, due the depletion of Pi pool chloroplastidic, but also 

lead to change in chloroplastidic carbon flux required for isoprene synthesis. Thus, the likely 

restrictions in TPs use exhibited by tropical species under high CO2 treatments could explain 

CO2 suppression effect on isoprene emissions observed in the current study. However, in 

some cases the stromal concentration of Pi, 3PGA, ATP and ADP can be shifted enough to 

keep the balance stoichiometric, without the necessarily compromising the rate of electron 

transport, ATP synthesis or the Calvin cycle (Neuhaus et al. 1989). Thus, further studies are 

needed for better comprehension of the effect of high CO2 on steady-state Pi pool cell and its 
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implications in formation of ATP, reducing equivalents and phosphorylated intermediates in 

order to understand how these component processes can help metabolism in the chloroplasts 

to go in direction of isoprene synthesis. 

 

1.5 Concluding remarks 

The isoprene is considered of particular relevance in the adaptation of plant species to 

adverse climatic conditions and might have provided plants with a selective advantage for 

growing from contrasting habitats. At level biochemical level, the synthesis of isoprene 

require 20 ATP and 14 NADPH per mole isoprene synthesised (Sharkey et al. 2001). 

Moreover, it represents a significant loss of carbon for isoprene-emitting plants, especially 

under stress conditions (Sharkey and Yeh 2001). Thus, unequivocally the isoprene-emitting 

species should obtain some benefit from their emissions (Vanzo et al. 2015). 

Several studies have reasoned that the physiological significance of isoprene emission 

is related to its role thermotolerant (Sharkey et al. 2001) . Thus, it is possible that the 

extension of the combined effects of temperature and [CO2] on the pattern emissions can rely 

of the adaptation and acclimation response of species to temperature changes associated the 

ratio cost of emissions of isoprene and it’s adaptive value under high [CO2] conditions 

(Darbah et al. 2010, Way et al. 2011, Sharkey and Monson 2014, Vanzo et al. 2015). We 

believe that tropical species best fitted to physiologically high temperatures (Cheesman and 

Winter 2013), subjected to rising [CO2], can increased the tolerance or even the potential for 

stimulate photosynthetic processes (Lloyd and Farquhar 2008, Cernusak et al. 2013). In this 

way, the species acclimated to warm environments will not benefit much from their capacity 

to emit isoprene, and therefore, the thermotolerance conferred by this isoprenoid may have 

smaller adaptive margin as a consequence the increase atmospheric CO2. Our hypothesis is 

based in some common explanations in which suggest that the competence of some plants 

produce isoprene is related to the balance between the cost to fitness and additional benefits 

and/or alternative which the trait can perform under specific environmental condition (Way et 

al. 2011, Monson et al. 2013, Sharkey 2013, Pollastri et al. 2014, Loreto and Fineschi 2015, 

Pichersky and Raguso 2016). Thus, tropical phenotypes adapted to high temperatures under 

supra-optimum [CO2], perhaps will allows these plants optimise overall performance 

photosynthetic capacity, and this way increase ratio cost:benefit in which isoprene emission 

are adaptive.  
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The natural population of the genus Populus are found in the northern hemisphere, 

distributed from the North America, Europe and Asia (see supplementary data – Figure S5). 

Empirical information on characteristics adaptative to mild to high latitudes limits attributed 

the distribution of the genus mostly to the ratio of summer to annual precipitation and 

maximum temperatures and broad temperature range between short and long growing seasons 

(Rehfeldt et al. 2009, Worrall et al. 2013, Greer et al. 2016). Comparatively, the boreal forest 

site is characterized by extreme seasonality in day length and air temperature. Winter 

conditions severe, annual precipitation low and short-growing season. These variations are 

much less evident at the temperate forest and minimal on the tropical zone (Mahli et al. 1999). 

Overall, the sensitivity a temperature follows a biogeographic patterns, increasing linearly 

from equatorial to polar regions (O’sullivan et al. 2017). Therefore, the temperature is 

considered major driver seasonal processes which regulate both carbon gain and carbon loss 

in boreal and temperate forests. Changes in the temperature above the optimum threshold than 

is usually found and supported on temperate regions, may elicit physiological adjustment and 

confer better fitness to isoprene-emitting trees. Furthermore, some temperate species has 

exhibited consistent acclimation potential to wider range of temperature, give the larger 

seasonal and daily fluctuation of temperature found in temperate regions compared with 

tropical climate (Cunningham and Read 2003). However, larger heat tolerance stress has been 

recorded to tropical rainforests, where water availability is not limiting (O’sullivan et al. 

2017). So it is likely that the additional physiological cost of isoprene production for emitting 

species can be outweighed by the gain in thermotolerance. The vulnerability levels of the 

temperate species from thermally contrasting habits can determine the extent whereby the 

effect suppression by high [CO2] can exercise on key control points in the synthesis of 

isoprene.  
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1 FIGURES 

 

Figure 0.1Temperature response of instantaneous isoprene emissions rate (a,b), DMADP pool size (c,d), and 

isoprene synthase activity (e,f) in Populus tremula (aspen) and Inga edulis under different CO2 concentrations 
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measurements at light intensity of 1000 µmol m-2 s-1. Data are normalized means ± 95% confidence interval of 3-

9 replicate leaves 

 

 

Figure0.2 Temperature response of net assimilation (A) (a,b), electron transport rate (ETR) (c,d), photochemical 

quenching (qP) (e,f), and capture efficiency of excitation energy by open photosystem (PS) II reaction centres 
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(Fv’/Fm’) (g,h) in Populus tremula and Inga edulis under different CO2 concentrations measured at a light 

intensity of 1000 µmol m-2 s-1. Data are normalized means ± 95% confidence interval of 3-9 replicate leaves. 

 

 

 

Figure 0.3 Temperature response of the electron flux used for the carboxylation (Jv) (a,b), fraction of electron 

allocated for isoprene biosynthesis-Jiso (Isoprene/ETR) (c,d), and the percentage of carbon los as isoprene (e,f), 

in Populus tremula and Inga edulis under different CO2 concentrations measurements at light intensity of 1000 

µmol m-2 s-1. Data are normalized means ± 95% confidence interval of 3-9 replicate leaves. 

. 



 

Table 0.1Effect combined of temperature and CO2 concentration on overall limitations to photosynthesis (SL, stomatal limitations; ML, mesophyll limitation; BL, 
biochemical limitation)in Populus tremula (aspen) and Inga edulis. At each individual treatment different letters indicate statistically significant differences at given 
temperature and CO2 concentration ( p < 0.05).Data are normalized means ±SE of 3-9 replicate leaves 

   Functional limitation 

  
Inga edulis Populus tremula 

[CO2] 
 T (⁰C) SL ML BL SL ML BL 

15
0 

25 0.31±0.060aA 0.26±0.02aA 0.43±0.04aA 0.21±00.2aA 0.26±0.00aA 0.54±0.02aA 

30 0.39±0.05aA 0.20±0.02abA 0.41±0.03aA 0.21±0.04aA 0.12±0.01bB 0.67±0.04bC 

35 0.52±0.05bB 0.14±0.01cB 0.34±0.03bB 0.19±0.02aA 0.10±0.00cB 0.72±0.01bC 

40 0.64±0.05bB 0.14±0.02bcA 0.21±0.03cB 0.17±0.06aA 0.07±0.00dC 0.76±0.05bC 

40
0 

25 0.39±0.05aA 0.19±0.01aA 0.42±0.03aA 0.24±0.06aA 0.20±0.01aA 0.55±0.06aA 

30 0.38±0.05aA 0.18±0.01abA 0.44±0.03aA 0.16±0.03aA 0.10±0.00bB 0.74±0.03bC 

35 0.55±0.04bB 0.12±0.01cAB 0.33±0.03bB 0.23±0.02aA 0.08±0.00cB 0.69±0.02bC 

40 0.62±0.06bB 0.15±0.02bcA 0.23±0.04cB 0.20±0.05aA 0.06±0.00dC 0.74±0.05bC 

10
00

 25 0.31±0.05aA 0.120.01aA 0.57±0.04aA 0.29±0.07aA 0.12±0.01aA 0.59±0.08aA 

30 0.41±0.04aA 0.12±0.01abA 0.47±0.04aA 0.12±0.02aA 0.07±0.00bB 0.81±0.03bC 

35 0.64±0.05bB 0.08±0.01cAB 0.28±0.04bB 0.22±0.03aA 0.05±0.00cB 0.73±0.03bC 

40 0.70±0.04bB 0.11±0.01bcA 0.20±0.03cB 0.17±0.04aA 0.05±0.00dC 0.78±0.04bC 
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Figure 0.4 Temperature response of stomatal limitations (SL – black),mesophyll limitations (ML – light gray) 

and biochemical limitation (BL – dark grey) in Populus tremula and Inga edulis under different CO2 

concentrations measurements at light intensity of 1000 µmol m-2 s-1. n = 3-9 replicate leaves. 
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Figure 0.5 Temperature response of maximum rate of carboxylation (a), carboxylation efficiency (b), stomatal 

conductance (c), and mesophyll conductance (d) in Populus tremula (closed circle) and Inga edulis (open 

circle). Means ±SE of 3-9 replicate leaves. 
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GENERAL CONCLUSIONS 

 

In chapter 1 we discuss the metabolic connections between the processes such as 

photosynthesis, respiration, the pentose phosphate pathway or extra-chloroplastic transport 

and the isoprene synthesis. Despite progress in our understanding of the regulatory 

mechanisms of the MEP pathway, our current knowledge of the interplay between the 

synthesis and emission of isoprene and other cellular processes remains limited. Moreover, 

the integrated coordination and metabolite trafficking between cell compartments, and 

consequently, the use of these sources by the MEP pathways is yet unknown. Despite the 

presence of numerous metabolic activities in the MEP pathway and its importance in the 

synthesis of various compounds of plant primary and secondary metabolism. A 

comprehensive overview of the aspects associated with the limiting steps of the MEP 

pathway channeling precursors to the carotenoid pathway has also been provided. Both the 

properties and functions of another important class of VOCs have been highlighted, reporting 

the relevant control points in the production of common metabolites that are precursors used 

by more than one biochemical pathway. Thus, it is possible that alternative sources of carbon 

may contribute to the synthesis of isoprene especially under conditions that lead to the 

decoupling between the photosynthetic process and the synthesis of isoprene as high 

temperatures, water deficit or high [CO2]. This review focused on the progress made in recent 

years concerning key aspects of the control and regulation of the metabolic exchange 

between the MEP and other biosynthetic pathways. By doing this, our understanding of the 

mechanistic basis of the patterns of partitioning and identification of the main sources of 

carbon used in the synthesis of isoprene and other derived isoprenoids were reviewed. 

The leaf energetic status model explains the observed response of isoprene production to 

environment and the coupling/decoupling between carbon assimilation and isoprene 

emission. The model has the potential to improve global-scale modelling of vegetation 

isoprene emissions, as well as emissions of isoprenoids that do not origin from storages 

(Chapter 2).  

The tropical species best fitted to physiologically high temperatures, subjected to rising 

[CO2], can increased the tolerance or even the potential for stimulate photosynthetic 

processes. In this way, is possible that species acclimated to warm environments will not 

benefit much from their capacity to emit isoprene, and therefore, the thermotolerance 

conferred by this isoprenoid may have smaller adaptive margin as a consequence the increase 
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atmospheric CO2. Our observations suggest that difference in the tolerance threshold between 

species for temperature increase may determine the extent to which the suppression effect by 

high [CO2] may exert on the control points (electron flow, ATP and DMADP) in the 

synthesis of isoprene (Chapter 3). Thus, improving the understanding of the mechanistic basis 

of isoprene emissions and their importance in prediction models related to VOC’s emissions 

under different scales and environmental conditions. 
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APPENDIX A: STATISTICAL ANALYSIS-CHAPTER II 

 

Table 0.1 Summary of linear regression analysis between fractions of electrons used for isoprene synthesis (ɛ = Iso/J) and to changes in the energetic status of the leaf (J-Jv). 

Model R R Square Adjusted R Square Std. Error of the Estimate Change Statistics Durbin-Watson 

R Square Change F Change ddf1 df2 Sig. F Change 

,969 ,939 ,934 ,00638 ,939 185,950 
2 

,000 ,783 

 

Table 0.2Analysis of variance in respect the fraction of electrons used for isoprene synthesis (ɛ = Iso/J) versus changes in the energetic status of the leaf (J-Jv). 

Model Sum of Squares df Mean Square F Sig. 

1 

Regression ,008 1 ,008 185,950 ,000 

Residual ,000 12 ,000   

Total ,008 13    

Level of significance p<0,0001* 

 

Table 0.3Model parameter 

Model Unstandardized Coefficients Standardized Coefficients t Sig. Collinearity Statistics 

B Std. Error Beta Tolerance VIF 

Intercept (C1) ,139 ,002  ,247 000   

Slope (C2) ,001 ,000 ,969 13,636 000 1,000 1,000 

Level of significance p<0,0001* 
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Table 0.4Tests of Normality 

 Kolmogorov-Smirnov Shapiro-Wilk 

Statistic Df Sig. Statistic Df Sig. 

Standardized Residual ,067 70 ,200 ,977 70 ,237 

 

 

Figure 1 Standardized Residuals against fitted predicted, Leverage values and Cook’s distance, Unstandardized predicted value against fitted predicted value for 
linear regression analysis between fraction of electrons used for isoprene synthesis (ɛ = Iso/J) and to changes in the energetic status of the leaf (J-Jv). 
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Table 0.5Values (percentage of the confidence interval in parentheses if applicable) of photosynthetic parameters estimated for Inga edulis leaves (n = 9). The units are 
provided in the table 01 

Model Parameter Value 

Farquhar Jmax 141.03 (11.9%) 

 Vcmax 65.8 (12.2%) 

 Y(J) 0.254 (3.4%) 

 Θ 0.76 (5.3%) 

 Rday 0.49 (8.4%) 

 s 0.46 (3.19%) 

Leaf  energetic status model c1 0.139 

 c2 6 x 10-4 

G93 α 1.6 x 10-3 

 CL1 1.066 
Jmax, maximum potential electron transport rate; Vcmax, CO2-saturated Rubisco carboxylation rate; Y(J), quantum yield for electron transport; Θ, curvature 
parameter of the non-rectangular hyperbola describing the Q dependence of J; s fraction of Q harvested by PSII obtained from empirical linear relationship 
between A and (ΦPSIIQ)/4 was established under non-photorespiratory (2% O2); c1 and c2, parameters of the Morfopoulos model; α and CL1, parameters of the 
Guenther model. 
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Table 0.6Analysis of variance for leaf energetic status model for all the experiments performed. The error in percentage [Sx,y (%)], is an indicator of the model 
precision. The closer to zero, more precise is the model. These errors were calculated from adjustment of the models to the observed data. 

Morfopoulos model       

Experiments Source Sum of Squares Df Mean Square F P value Sx.y (%) 

CO2 response Model 153.98 2 76.99 95 4 x 10-8 1.16 

Error 9.725 12 0.81    

Total 163.7 14     

         

Light response varying Ca 

(µmol mol-1) 
   

    

 200 Model 1442.88 2 721.44 32.41 9 x 10-6 9.27 

  Error 289.33 13 22.26    

  Total 1732.21 15     

 400 Model 970.6 2 485.3 169.35 5 x 10-10 4.17 

  Error 37.25 13 2.87    

  Total 1000.86 15     

 1000 Model 806.81 2 403.4 32.36 6 x 10-6 13.94 

  Error 174.523 14 12.47    

  Total 981.33 16     

Level of significance p<0,0001* 
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Table 0.7Analysis of variance for Niinemets model for all the experiments performed. The error in percentage [Sx,y (%)], is an indicator of the model precision. 
The closer to zero, more precise is the model. These errors were calculated from adjustment of the models to the observed data 

Niinemets model       

Experiments Source Sum of Squares Df Mean Square F P value Sx.y (%) 

CO2 response 
Model 714.66 2 357.33 

16.0

2 
3 x 10-4 

6.44 

Error 289.88 13 22.3    

Total 1004.55 15     

         

Light response varying Ca 

(µmol mol-1) 
   

    

 200 Model 999.38 2 499.69 26.92 2 x 10-5 8.22 

  Error 259.87 14 18.56    

  Total 1259.3 16     

 400 Model 1007.86 2 500.48 1015.59 7 x 10-16 1.79 

  Error 6.9 14 0.49    

  Total  16     

 1000 Model 335.2 2 167.6 66.46 7 x 10-8 6.27 

  Error 35.3 14 2.52    

  Total 370.51 16     

Level of significance p<0.0001* 
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Table 0.8Analysis of variance for G93 model for all the experiments performed. The error in percentage [Sx,y (%)], is an indicator of the model precision. The 
closer to zero, more precise is the model. These errors were calculated from adjustment of the models to the observed data. 

G93 model       

Experiments Source Sum of Squares Df Mean Square F P value Sx.y (%) 

CO2 response Model 146.27 2 73.13 50.34 1 x 10-6 1.55 

Error 17.44 12 1.45    

Total 163.7 14     

         

Light response varying Ca 

(µmol mol-1) 
   

    

 200 Model 1386.7 2 693.37 27.77 1 x 10-5 9.53 

  Error 349.59 14 24.97    

  Total 1736.3 16     

 400 Model 975.25 2 487.63 194.41 1 x 10-10 4.19 

  Error 32.606 13 2.51    

  Total 1007.86 15     

 1000 Model 938.5 2 469.25 24 3 x 10-5 17.45 

  Error 273.73 14 19.55    

  Total 1212.2 16     

Level of significance p<0.0001* 
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Figure 0.1Confidence assessment of best fit Vcmax parameter value for Inga edulis species. Plots of sum of 

squared residuals (SSR), in relation to Vcmax under 25 ºC (a), 30 ºC (b), 35 ºC (c) and 40 ºC (d). The smallest 

values of the sum of square of the residue indicate best-fist Vcmax values used in this study 
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Figure.0.2Confidence assessment of best fit Vcmax parameter value for Populus tremula species. Plots of sum of 

squared residuals (SSR) , in relation to Vcmax under 25 ºC (a), 30 ºC (b), 35 ºC (c) and 40 ºC (d). The smallest 

values of the sum of square of the residue indicate best-fist Vcmax values used in this study. 
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Table 0.1The temperature dependencies for Ribulose 1,5-bisphosphate carboxylase/oxygenase 

(Rubisco) enzyme kinetic parameters and mesophyll conductance (gm) and day respiration 

(Rd). (parameter= parameter(25ºC)*exp(∆Ha(TºC-25ºC)/(298.15R(TºC+273.15)). For the estimation of 

mesophyll conductance the equation was modified to include terms for entropy (∆S) and 

energy of de-activation as described in (Bernacchi et al. 2002, 2003). 

Parameters Value 

at 25 ºC 

c 

(dimensioless) 

∆Ha 

(kJ mol-1) 

∆Hd 

(kJ mol-1) 

∆S 

(kJ mol-1K-1 

Kc(µmol mol-1) 404.9 38.5 79.43   

Ko (mmol mol-1) 278.4 20.3 36.38   

Γ*(µmol mol-1) 42.75 19.02 37.83   

Vcmax (µmol m-2s-1) 1 26.35 65.33 200  

Rd (µmol m-2s-1) 1 18.72 46.39   

gm (µmol m-2s-1) 1 20.1 49.6 437.4 1.4 

Values are taken from Bernacchi et al. (2001, 2002); Medlyn et al. (2005). Kc and Ko are the Michaelis-Mentem 
constant of Rubisco activity for intercellular carbon dioxide and oxygen concentration; Γ* is the CO2 
compensation point in the absence of mitochondrial respiration; Vcmax, maximum carboxylation rate; Rd, day 
respiration; gm, mesophyll conductance. 
 

 

 

 

 

 

 

 

 

 

 

 



 

157 
 

Table 0.2Estimated values for Vcmax, gm under different temperature across all CO2 treatments 

for Inga edulis and Populus tremula species 

 Inga edulis  Populus tremula 

  

Temperature 

(⁰C) 

Vcmax 

(µmol m-2s-1) 

gm 

(mol m-2s-1) 

Vcmax 

(µmol m-2s-1) 

gm 

(mol m-2s-1) 

25 48.50 ± 5,16 0.100 62.43±18,33 0.157 

30 80.74 ± 9,60 0.139 50.34±11,97 0.218 

35 178.22± 25,62 0.243 67.53±15,04 0.274 

40 262.59± 22,71 0.146 41.59 ± 5,58 0.165 

*Average ± standard error 
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Figure 0.3Plots of principal component analysis calculated for Inga edulis (a) and Populus 

tremula (b) from entire data set. The analyses was applied for isoprene emissions rate (Iso), 

DMADP pool size, isoprene synthase activity(IspS), net assimilation (A), electron transport 

rate (ETR), quenching photchemical (qP), photosystem II efficiency (Fv’/Fm’), electron flux 

requeride to support Rubisco-limited (Jv), fraction of electron allocated to isoprene 

biosynthesis (Jiso), carbon lost as isoprene (CL), stomatal limitations (SL), mesophyll 

limitations (ML), biochemical limitations (BL), Vcmax, carboxylation efficiency (A/Ci) and gm 

with inclusion of the independent variables temperature and [CO2]. The percentage of 

variation explained by each principal component is show between parentheses. Because the 

measurement units differed between variables, the data in this study were log-transformed e 

analyzed from the correlation matrix to ensure that differences in scales measures are 

considered, and therefore reduce the effect of the numerical scales and units. Pearsons 

correlation matrix was employed to check whether correlation between measurements. 

Variables that exhibited poor correlation (values <0.3) were discarded from the analyzes. 
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Table 0.3Multivariate analysis for the whole set of analyzed variables in Populus tremula. 

Pattern Matrixa 

 
Component 

1 2 3 

Isoprene -,964   

DMADP -,915   

Temperature -,882   

Jiso (Iso/ETR) -,849 -,342  

ML ,815 -,295 ,262 

IspS -,794   

A/Ci ,516 ,343 ,311 

ETR  ,908  

A ,287 ,908  

CO2  ,885 -,248 

Fv'/Fm'  ,832  

ETR/A -,406 -,809  

qP -,457 ,801  

Jv ,384 ,742  

CL -,508 -,677  

Rd  ,209 ,775 

SL   ,768 

Vcmax  ,215 ,765 

BL -,427 ,244 -,676 

 

Structure Matrix 

Component 

1 2 3 

Isoprene -,977 -,246 -,342 

Temperature -,966 -,336 -,486 

Jiso (Iso/ETR) -,917 -,514 -,331 

IspS -,887 -,329 -,480 

DMADP -,860   

ML ,843  ,494 

A/Ci ,691 ,494 ,535 

A ,449 ,956  

ETR  ,910 ,282 

Fv'/Fm' ,393 ,890 ,347 

ETR/A -,526 -,873  

Jv ,577 ,839 ,362 

CO2  ,818  

CL -,655 -,784 -,295 

qP -,233 ,734  

Rd ,379 ,338 ,831 

Vcmax ,402 ,347 ,830 

BL -,605  -,785 

SL   ,714 

 

Extraction Method: Principal Component Analysis. Rotation Method: Oblimin with Kaiser 

Normalization. Rotation converged in 11 iterations 
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Table 0.4 Multivariate analysis for the whole set of analyzed variables in Inga edulis. 

Pattern Matrixa 

 Component 

1 2 3 

Isoprene ,927   

Vcmax ,906   

Temperature ,886   

Rd ,880  -,205 

Iso/ETR ,812 -,366  

gm ,675 ,211  

A  ,923  

ETR  ,904  

CO2 -,200 ,882 -,261 

ETR/A  -,822 -,218 

qP ,490 ,778  

Fv’/Fm’ -,463 ,738  

Jv ,546 ,723 -,218 

CL  -,504 -,272 

ML  -,423 ,795 

IspS   -,753 

SL ,474  -,674 

A/Ci   ,575 

DMADP ,393  -,568 

BL -,509 ,237 ,550 
 

Structure Matrix 

 Component 

1 2 3 

Vcmax ,957  -,444 

Rd ,938  -,455 

Temperature ,932  -,421 

Isoprene ,889   

Iso/ETR ,795 -,394  

gm ,688  -,256 

A  ,938 ,268 

ETR  ,901  

CO2  ,875  

ETR/A ,273 -,843 -,319 

qP ,415 ,766  

Fv’/Fm’ -,438 ,745  

Jv ,577 ,687 -,330 

CL  -,519 -,292 

SL ,671  -,815 

ML -,369 -,368 ,815 

IspS ,318  -,783 

BL -,676 ,293 ,710 

DMADP ,562  -,689 

A/Ci   ,538 
 

Extraction Method: Principal Component Analysis. Rotation Method: Oblimin with Kaiser 

Normalization. Rotation converged in 9 iterations 
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Figure 0.4CO2 curve response of net assimilation, electron transport rate (ETR) and isoprene emissions rate under 

1500 µmol photons m-2s-1 and temperature 30 ºC.  The figure highlights the two photosyntheticas limitations 

(Rubisco and RuBP regeneration limitations) and as well as the decrease of photosynthetic rates under elevated 

possible and possible TPU limitations. 
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Figure 5The range of distribution of species for Neotropical Inga edulis, the native American Populus tremuloids 

and Eurasian Populus tremula investigated in the current study. (http://www.gbif.org/) 
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