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Thesis abstract: 

Isoprenoid emission by plants (1 PgC/yr) via the chloroplast localised methyl-

erythritol phosphate (MEP) pathway is a significant source of carbon that influences 

atmospheric oxidation chemistry and global carbon cycle.  Despite significant progress in 

isoprenoid research, many deeper questions surround the biochemical regulation of the 

MEP pathway and the physiological adaptations of emitters that determine the observed 

diversity in emission rates, hindering our ability to estimate and forecast global emissions.  

In this thesis, we present the results of a comprehensive set of experiments on the 

physiology of isoprenoid emission in selected species of Eucalyptus, a diverse native 

Australian tree genus (>900 species) that is adapted to a wide ranging climate and habitats 

in Australia and emits both isoprene and monoterpenes at significant measurable quantities.  

Addressing some of the outstanding questions in complex interactive effects of abiotic 

stresses on isoprenoid emission, our experiments show how increased isoprenoid emission 

rate by plants under abiotic stresses (low CO2, heat and drought) is sustained by increased 

ratio of electron transport rate to net carbon assimilation rate.   We also show how the MEP 

pathway competes with photorespiration for the residual reducing power not invested in 

carbon assimilation.  Our results highlight the importance of species-specific tolerance for 

drought and provide a basis to observed variability and uncertainty in emission responses 

to drought.  Tackling another important question pertaining annual cycles in emission, we 

establish an independent role for photoperiod in seasonal oscillations in emission.  

Experiments show that temperature entrains seasonal rhythms in isoprenoid emission rates 

and it is likely gated by a photoperiodic clock.  Sensitivity of emission to photoperiod 

means that increasing global mean temperature could interfere with the photoperiod 

signaling pathway in major emitting tree genera, altering their seasonal emission responses.  

Using a comprehensive data set, we trace the patterns in the origin and evolution of isoprene 

emission in land plants and propose a novel hypothesis.  We discuss various levels of 

natural selection acting on isoprenoid emission whilst we put the most important of our 

experimental results in a global perspective.   
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Thesis abstract in Kannada (mother tongue of the PhD candidate) 

 

ಸಸಯಗಳಲ್ಲಿರುವ ಹರಿತ ್ ಕೋಶ(chloroplast)ಗಳಲಿ್ಲ ದ್ುಯತಿಸಂಶ ಿೋಷಣ ಕ್ರಿಯೆ (photosynthesis) ನಡ ಯುತ್ತದ . ಅದ ೋ 
ಹರಿತ ್ ಕೋಶಗಳಲ್ಲಿ ನಡ ಯುವ ಮೀಥ ೈಲ್ ಎರಿಥ್ರಿಟಾಲ್ ಫಾಸ ಫೀಟ್ (MEP) ಪಾಥ ವೀ ಎಂಬ ಹಲವು ಹಂತ್ಗಳ ಜೋವ ರಾಸಾಯನಿಕ ಪ್ಿಕ್ರಿಯೆಗಳ 
ಮ್ಲಕ ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್-ಗಳ ಂಬ ಅನಿಲರ್ಪ್ದ್ ಹ ೈಡ ್ ಿೋಕಾಬಬನ್ ಗಳನ್ೂ ಸಸಯಗಳು ಉತಾಾದಿಸಿ, ಜಗತಿತನಾದ್ಯಂತ್ ವಷಬಕ ಕ ಸುಮಾಾರು 
ಒಂದ್ು ನ್ರು ಕ ್ೋಟಿ ಟನುೂ (1 Peta gram) ಗಳಷುು ಪ್ಿಮಾಾಣದ್ ಇಂಗಾಲ (ಕಾಬಬನ್) ಅನುೂ ವಾತಾವರಣಕ ಕ ಹ ್ ರ ಸ್ಸುತ್ತವ .   ಈ 
ಹ ೈಡ ್ ಿೋಕಾಬಬನ್ ಗಳು ಭ್ಮಿಯ ವಾತಾವರಣದ್ ಮೋಲ  ಅನ ೋಕ ಪ್ಿಭಾವಗಳನುೂ ಬೋರುತ್ತವ .  ಅವುಗಳಲ್ಲ ಿ (ಅ)  ಭ್ಮಿಯ ಮೋಲ ೈಗ  
ಹತಿತರವಾದ್ ವಾತಾವರಣದ್ (ಅಟ್ಾಾಸಿಿಯರ್) ಹ ್ ರ ಪ್ದ್ರದ್ಲಿ್ಲ (ಟ್ ್ಿೋಪೋಸಿಿಯರ್)  ಮನುಷಯನಿಮಿಬತ್ ಯಂತ್ಿಜನಯ ನ ೈಟಿಿಕ್ ಆಕ ಸೈಡ್-

ಗಳ  ಂದಿಗ  ಸ ೋರಿಕ ್ಂಡು ಓಜ ಹ್ೋನ್ (O3) ಎಂಬ ವಿಷಕಾರಿ ಅನಿಲದ್ ಉತ್ಾತಿತಗ  ಕಾರಣವಾಗುವುದ್ು  (ಆ) ಮಳ ಮೋಡ ಹುಟಿುಕ ್ಂಡು ಬ ಳ ಯಲು 
ಸಹಾಯ ಮಾಾಡುವ ಮಳ  ಬೋಜಗಳಾದ್ ಸ ಕ ಂಡರಿ ಏರ ್ ೋಸ ್ ೋಲ್-ಗಳ ಉತ್ಾತಿತಗ  ಸಹಾಯ ಮಾಾಡುವುದ್ು ಮತ್ುತ (ಇ) ಇಂಗಾಲದ್ ಭ್-ಜೋವ 
ರಾಸಾಯನಿಕ ಚಕಿವನ್ೂ (carbon cycle) ಪ್ಿಭಾವಿಸುವುದ್ು ಸಸಯಜನಯ ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್-ಗಳ ಮುಖ್ಯ ಪ್ರಿಣಾಮಗಳು. ಜ ್ತ ಗ , ಕ ಲವು 
ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್-ಗಳು ಸಸಯಗಳ ಪ್ರಾಗ ಸಾಶಬಕ ಕ ಸಹಾಯಮಾಾಡುವ ಕ್ರೋಟಗಳನುೂ ಆಕರ್ಷಬಸುವಲ್ಲಿ, ಸಸಯಗಳನುೂ ತಿನುೂವ ಕ್ರೋಟ, ಜಂತ್ುಗಳನುೂ 
ನಿಗಿಹಿಸುವಲಿ್ಲಯ್ ಕಾಯಬ ನಿವಬಹಿಸುತ್ತವ .  ಹಲವು ದ್ಶಕಗಳ ನಿರಂತ್ರ ಸಂಶ  ೋಧನ ಯ ಬಳಿಕವೂ, MEP ಪಾಥ ವೋಯ ಕಾಯಬ ವಿವರಗಳ 
ಪ್ರಿಚಯ ಮಾಾಡಿಕ ್ಂಡ ಮೋಲ್, ಸಸಯಗಳು ಈ ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್-ಗಳನುೂ ಯಾವಾಗ, ಏಕ , ಎಷುು ಮಟುದ್ಲಿ್ಲ ಹ ್ ರಸ್ಸುತ್ತವ ಂಬುದ್ನುೂ 
ನಾವು ಸಂಪ್ೂಣಬವಾಗಿ ಅರ್ಬಮಾಾಡಿಕ ್ಳಳಲು ಸಾಧಯವಾಗಿಲಿ.  ಅಸ ರೋಲ್ಲಯಾದ್ಲಿ್ಲರುವ ನಿೋಲಗಿರಿ ಮರಗಳ ವ ೈವಿಧಯತ  (800 ಕ್ಕ ಹ ಚುು 
ಪ್ಿಬ ೋಧಗಳು) ಮತ್ುತ  ಅವು ತ ್ ೋರಿಸುವ ಪ್ರಿಸರ ಸಂಬಂಧಿ ಸಸಯಶರಿೋರ ಮಾಾಪಾಬಡುಗಳು ಅನಾಯದ್ೃಶ.  ಅವುಗಳಲ್ಲ ಿಕ ಲವು ಉತ್ತಮ ಪ್ಿತಿನಿಧಿ 
ಪ್ಿಬ ೋಧಗಳನುೂ ಉಪ್ಯೋಗಿಸಿಕ ್ಂಡು, ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್  ಹ ್ ರ ಸ್ಸುವಿಕ ಯನುೂ ಸಸಯ ಶರಿೋರಶಾಸರ ಹಿನ ೂಲ ಯಂದ್ ಪ್ಿಯೋಗಕ ್ಕಳಪ್ಡಿಸಿ, 

ಕ ಲವು ಗಹನವಾದ್ ಪ್ಿಶ ೂಗಳಿಗ  ಉತ್ತರ ಹುಡುಕುವ ಪ್ಿಯತ್ೂವನುೂ ಈ PhD ಮಹಾಪ್ಿಬಂಧದ್ಲ್ಲಿ ಮಾಾಡಲಾಗಿದ .   
ಹರಿತ ್ ಕೋಶದ್ಲ್ಲಿ ಸಂಭವಿಸುವ  MEP ಪಾಥ ವೋ ಯು ದ್ುಯತಿಸಂಶ ಿೋಷಣ  ಕ್ರಿಯೆಯಂದ್ ಉತಾಾದಿಸಲಾಡುವ ರಾಸಾಯನಿಕ ಶಕ್ರತಯುಕತ 

ATP ಮತ್ುತ NADPH ಗಳನುೂ ಅವಲಂಬಸಿರುತ್ತದ . ಆದ್ರ    MEP ಪಾಥ ವೋನಂತ ಯೆೋ ಇತ್ರ ಅನ ೋಕ ರಾಸಾಯನಿಕ ಪ್ಿಕ್ರಿಯೆಗಳು ATP ಮತ್ುತ 
NADPH ಗಳಿಗಾಗಿ ಸಾಧಿಬಸುತ್ತವ .  ಈ ತ ರನಾದ್ ಸ್ಯಬಕ್ರರಣ ಜನಯ ರಾಸಾಯನಿಕ ಶಕ್ರತಗಾಗಿ MEP ಪಾಥ್ ವ ೋಯು ಸಾಧಿಬಸುತ್ತದ  ಮತ್ುತ 
MEP ಪಾಥ್ ವ ೋಯ ಕಾಯಬ ಶೋಲತ ಯು ಹ ಚ್ಾುಗುವುದ್ಕ ಕ ದ್ುಯತಿಸಂಶ ಿೋಷಣ ಯ ಎರಡು ಭಾಗಗಳ (ಬ ಳಕು ಅವಲಂಬತ್ ಮತ್ುತ 
ಬ ಳಕನೂವಲಂಬಸದ್ ಕ್ರಿಯೆಗಳ) ನಡುವ  ಉಂಟ್ಾಗುವ ಅಸಮತ ್ ೋಲನವು ಕಾರಣ ಎಂದ್ು ನಾವು ಪ್ಿತಿಪಾದಿಸಿದ ದೋವ . ಬರಗಾಲದ್ 
ಒತ್ತಡದ್ಲ್ಲಿರುವಾಗ ಸಸಯಗಳು ಹ ೋಗ  ತ್ಮಾ ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್ ಹ ್ ರಸ್ಸುವಿಕ ಯನುೂ ಹ ಚ್ಚುಸುತ್ತವ  ಎಂಬುದ್ನುೂ ನಮಾ ಪ್ಿಯೋಗಗಳು 
ಆಧಾರಸಹಿತ್ವಾಗಿ ವಿಶದ್ಪ್ಡಿಸುತ್ತವ .  ಹಾಗ ಯೆೋ, ವಾರ್ಷಬಕ ಋತ್ುಚಕಿಗಳ ಪ್ಿಭಾವದಿಂದ್ ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್  ಹ ್ ರಸ್ಸುವಿಕ ಯು 
ಬ ೋಸಿಗ ಯಲ್ಲಿ ಹ ಚ್ಾುಗಿ, ಚಳಿಗಾಲದ್ಲ್ಲ ಿಕಡಿಮಯಾಗುವುದ್ು ವಿಜ್ಞಾನಿಗಳಿಗ  ಗ ್ ತಿತದ .  ಆದ್ರ  ಈ ಏರಿಳಿತ್ಗಳುಂಟ್ಾಗಲು ಋತ್ುಸಹಜ ತಾಪ್ಮಾಾನ 
ವ ೈಪ್ರಿೋತ್ಯಗಳ ೋ ಸಾಕ ೋ ಎಂಬ ಪ್ಿಶ ೂ ನಮಾ ಮುಂದಿತ್ುತ. ಸಸಯಗಳು ಋತ್ುಚಕಿಕಕನುಗುಣವಾಗಿ ಸ್ಯಬನ ಬ ಳಕ್ರನ ಕಾಲಪ್ಿಮಾಾಣದ್ಲುಿಂಟ್ಾಗುವ 
ಬದ್ಲಾವಣ ಗಳನ್ೂ ಗಿಹಿಸುವುದ್ರ ಮ್ಲಕ MEP ಪಾಥ ವೋಯ ಜೋನ್ (ವಂಶವಾಹಿ)ಗಳನುೂ ವಯಕತಪ್ಡಿಸಿ, ತ್ಮಾ ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್  
ಹ ್ ರಸ್ಸುವಿಕ ಯನುೂ ನಿಯಂತಿಿಸುತ್ತವ ಂದ್ು ನಮಾ ಪ್ಿಯೋಗ ಫಲ್ಲತಾಂಶಗಳು ತ ್ ೋರಿಸಿವ .  ಮನುಷಯನ ಚಟುವಟಿಕ ಗಳಿಂದ್ ಈಗ 
ಉಂಟ್ಾಗುತಿತರುವ ಭ್ಮಿಯ ತಾಪ್ಮಾಾನ ಏರಿಕ ಯಂದ್ ಮುಂದ  ಸಸಯಗಳ ಬ ಳಕು ಮತ್ುತ ತಾಪ್ಮಾಾನ ಗಿಹಿಸುವ ಸಂಕ್ರೋಣಬ ಪ್ಿವಹನ ವಯವಸ ೆಯ 
ಮೋಲ  ವಯತಿರಿಕತ ಪ್ರಿಣಾಮ ಉಂಟ್ಾಗಿ ಅವುಗಳ ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್  ಹ ್ ರಸ್ಸುವಿಕ  ಮತ್ುತ ಇತ್ರ ಹರಿತ ್ ಕೋಶೋಯ ಕ್ರಿಯೆಗಳು 
ಬದ್ಲಾವಣ ಗಳಿಗ  ಒಳಗಾಗುವ ಸಾಧಯತ ಗಳಿವ . ಇಷ್ ುಲಿ ವಿಚ್ಾರಗಳನುೂ ಚಚ್ಚಬಸಿದ್ ಮೋಲ , ಸಸಯಜನಯ ಐಸ ್ ೋಪ್ಿೋನ ್ ೋಯ್ಡ್  ಹ ್ ರಸ್ಸುವಿಕ ಗ  
ಸಂಬಂಧಿಸಿದ್ ಎಲಿ ಹ ್ ಸ ಆಧಾರಗಳನುೂ ಪ್ರಾಮಶಬಸಿ, ಏಕ  ಕ ಲವು ಸಸಯಗಳು ಮಾಾತ್ಿ ಐಸ ್ ಪ್ಿೋನ್ (ಐಸ ್ ಪ್ಿೋನ ್ ೋಯ್ಡ್ ಗಳಲಿ್ಲ ಒಂದ್ು ಬಗ ) 
ಅನುೂ ಉತಾಾದಿಸುತ್ತವ ? ಮತ್ುತ ಏಕ  ಬಹುತ ೋಕವು ಉತಾಾದಿಸುವುದಿಲಿ? ಎಂಬ ಪ್ಿಶ ೂಗಳನುೂ ಜೋವ-ವಿಕಾಸವಾದ್ದ್ ದ್ೃರ್ಷುಯಂದ್ 

ಜಜ್ಞಾಸ ಗ ್ ಳಪ್ಡಿಸಿದ ದೋವ .  ಹಾಗ  ಮಾಾಡುವುದ್ರ ಜ ್ತ ಗ , ಈ ವಿಸಾಯಕಾರಿ ಪ್ಿಕ್ರಿಯೆಯ ಪಾಿಮುಖ್ಯತ ಯನುೂ ಇಂದಿನ ವ ೈಜ್ಞಾನಿಕ ಬ ಳವಿಗಗ ಗಳ 

ಮತ್ುತ ಅಗತ್ಯಗಳ ಹಿನ ೂಲ ಯಲ್ಲಿ ನ ್ ೋಡಿ, ಮುಂದಿನ ಹಾದಿಯತ್ತ ಇಣುಕುವ ಪ್ಿಯತ್ೂದ ್ ಂದಿಗ  ಪ್ಿಬಂಧ ಮುಕಾತಯವಾಗುತ್ತದ .    
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Musings of a Doctor of Philosophy to be…      
 

It is not easy to look back at a journey that almost refused to begin despite several 
attempts.  Often I wasn’t even close to being good enough for opportunities to like me.  
Sometimes opportunities didn’t like me although I probably was one among many equals.  
It was a classic story of ‘so near yet so far’ many times over.  I am where I am today mostly 
because of my past failures and because I didn’t fail them. 

 
It took me many years to recognize that there are people in this world who will be on my 

side even when they have nothing to gain from me.  Most of them were strangers in different 
countries who taught me the art of trust when my instincts either deserted me or had no 
use.  Some of those strangers have become my friends today.  I am indebted to their support 

and understanding.   
 
I am sad to say that some people remained strangers even after several years of 

interaction and exchange of ideas.  Even after trying hard, I couldn’t understand many of 
them.  Some interactions were forced on us by circumstances.  I could blame myself for not 
allowing those relationships to grow and that would be true.  I have to say with sadness 
that I couldn’t be faulted in cases where people remained complete strangers to me 
apparently because of their own prejudices and complexes.  Such interactions have 
continued only because the people involved (including me) wanted to preserve self-interest 
at all costs.  I am not proud of them.  Nonetheless, some of those interactions had a 
significant role to play in my journey and need to be acknowledged. 

 
I love trees.  I have dreamed about trees, about what they do and what they mean ever 

since I was 6 or 7 years old.  If there is anything that I love equally, it is to interact with the 
elderly.  I am what I am today because of my grandmothers and grandfathers (some related 
to me and many not so).  My teachers from primary school onwards, professors in colleges 

and universities have shaped my thoughts.  I have learnt about my past and seen my future 
through their eyes.  As I speak, my father and my mother are as relieved as I am about the 
fact that a major milestone is in sight.  They are happier than I am.  Today, I am in a 
privileged position because of their sacrifices.  A lot is still left for me to do.  These are 
unspoken and unwritten promises that will be reflected upon by someone younger to me 50 
to 100 years from now.   

 
I feel as though I am standing at a precipice.  The optimist in me feels the launching pad 

underneath my feet that would help me take a thrilling “leap of faith”.  The pragmatist in 
me feels relieved that the wait is almost over.  The pessimist in me recognizes the precipice 
for what it really means…it would be foolish and costly if I lose sight of where I am.   

 

September 18, 2014 

K G Srikanta Dani 
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Chapter 1 

Introduction 

Prelude 
 

One would hardly have guessed that the delicious perfumes of acacia flowers 

or of orange blossoms had anything in common with the liver oils of the flounder, 

mackerel, or shark; that one of the products of the dry distillation of rubber was 

the chief building block used by nature in the construction of the growth-

stimulating vitamin A, as well as of the green (chlorophylls) and yellow 

(xanthophylls) colouring matters of leaves, of the red pigments of annatto, the 

tomato, the Chinese Lantern plant, and the red pepper, of the yellow or orange 

pigments of carrots, dandelions, sunflowers, saffron, and yellow pansies, or of the 

brown pigments of some seaweeds; that the molecular configuration responsible 

for violet and orris perfumes likewise forms a part of the structure of the pigment 

of the carrot and of vitamin A; or that the colouring matter of egg yolks is a 

mixture of the yellow pigment found in corn with that which occurs in leaves. Yet 

this appears to be the case, and all these apparently unrelated substances seem 

to be built up from the same simple unit, isoprene (C5H8), a hydrocarbon 

heretofore regarded as peculiar to the vegetable kingdom but now shown to play 

an important role in the animal organism also1 

  

Marston Taylor Bogert (1868-1954)  

Organic Chemist and Professor at Columbia University, USA 

 

Volatile isoprenoid emission by plants:  Where, what and how? 

Plant isoprenoid biosynthesis is one component of secondary metabolism that occurs 

through one of the two spatially separated pathways within a plant cell (Nagegowda, 2010; 

Schnitzler et al. 2010).  A cyanobacterial pathway that takes place in the plastid, also 

referred to as DOXP/MEP (1-Deoxy-D-xylulose-5-phosphate/2-C-methyl erthritol-4-

phosphate) pathway and an archaeal pathway in the cytoplasm, also referred to as the MVA 

(mevalonic acid) pathway (Sharkey and Yeh, 2001, Figure 1).  Isoprenoids (also called 

terpenoids) are a large class of versatile macromolecules with great structural diversity 

                                                           
1 Bogert, M T (1932), Recent Isoprene Chemistry, Chemical Reviews, Vol. 10 (2), 265-293 
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despite being all constructed by catenation of five carbon (C5) monomers that are 

derivatives of isopentenyl pyrophosphate (IPP) and dimethyalyl pyrophosphate (DMAPP).   

 

Figure 1: The complex network of biosynthetic pathways closely linked with the MEP 

pathway (also see figure 3 on page 27 and Appendix I) 
(A) Constitutive emission: Substrate pool limitation and enzyme kinetics of the MEP pathway and 

photosynthesis: Isoprene (if not monoterpene) emission is shown to be strongly limited by DMAPP pool 

size at least over short time scales. (B) Transient maximum emission: Transcriptional controls on the 

pathway network: Most genes in the plastidic MEP pathway have light-regulated circadian elements 

(Wilkinson et al. 2006; Cordoba et al. 2009) along with putative heatshock promoter elements upstream of 

their initiator codon (Sharkey et al. 2008).  It is important to note that MEP pathway enzymes are most likely 

to be available, albeit at very low amounts, even when transcription is not induced as the enzyme half-life of 

MEP enzymes are >3 to 4 days.  An onset of a stress signal such as heat, insect attack, or photo saturation 

would lead to rapid depletion of MEP pathway substrates via isoprenoid emission. It creates fresh demand 

for MEP substrates and enzymes. (C) Seasonal variability:  Pathway trade-offs: Mechanisms of components 

A and B operating over seasonal time scales involve activation of genes from other linked pathways (both 

within and outside chloroplast) that would affect MEP pathway substrate pools.  These changes cause 

substantial fluctuation in constitutive emission capacities. The transcriptional sensitivity of all the associated 

genes to photoperiod needs to be parameterized over annual time scales. 
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The conjugated double bounds (dienes) of volatile isoprenoids make them readily react 

with any atom/molecule with unpaired valence electrons. These are made by one 

(isoprene), two (monoterpenes) or three (sesquiterpenes) C5 units.  In plants, the enzymes 

involved in the plastidic MEP pathway are responsible for isoprene and monoterpene 

emissions.  These enzymes nuclear encoded and plastid targeted.  It is known that both 

isoprene and monoterpene biosynthesis principally utilize fresh carbon from primary 

photosynthates fixed during photosynthesis (de novo; Schnitzler et al, 2004).  Isoprene and 

de novo monoterpene emissions are shown to increase with increasing temperature and 

luminosity.  Monoterpenes are emitted constitutively as well as stored in specialised glands 

in the leaves by many plants.  Monoterpenes emitted from the stored pools are shown to be 

temperature dependent and light independent (Kesselmeier and Staudt, 1999).   

 

Why do we study plant volatile isoprenoid emission? 

Volatile isoprenoid emission by plants has several fundamental and applied dimensions 

of great importance to human beings and the planet:   

(a) Biogenic isoprenoid emission (1000 TgC/yr) is a significant source of atmospheric 

carbon and is part of the global carbon cycle (Pacifico et al. 2009).  Emissions increase 

atmospheric lifetime of methane (Monson et al. 2007), a major greenhouse gas.  

Emissions also mediate secondary organic aerosol formation affecting air quality and 

rainfall (Claeys et al. 2004; Heald et al. 2005; Paulot et al. 2009).   

(b) Oxidation products of isoprene (C5H8) and monoterpenes (C10H16) have significant 

influence on tropospheric ozone formation (interactions between anthropogenic 

nitrogen oxides and reactions of photolytic products of free radicles with isoprene).  

Anthropogenic sulphur oxides (mainly from coal-powered electricity stations) are 

known to react with biogenic isoprenoids to form sulphuric acid, which has severe 
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detrimental impacts on vegetation and human health through acid rains (Mauldin et al. 

2012).   

(c) Natural rubber (polyisoprene) produced by the tree Hevea brasiliensis  has a global 

market that is worth > $US 35 billion per annum and there is an increasing global 

demand for industrially produced isoprene (used in the production of synthetic rubber) 

and monitory worth is estimated to be > $US 2 billion per annum (ETC Report, 2014)   

(d) Isoprene and mixtures of highly volatile isoprenoids are seen as potential aviation fuels 

and several labs around the world are involved in scaling up microbial production of 

isoprene.   

(e) Higher order terpenoids such as carotenoids have immense value in food and 

agricultural industries and their worldwide trade is estimated to be worth nearly $US 

1 billion per annum (Dufosse et al. 2005; Ribeiro et al. 2011).   

 

Why do plants emit volatile isoprenoids?   

The answer to the question of why plants emit isoprenoids is not simple, and not fully 

resolved. While functions of monoterpene emission are apparent in pollination ecology and 

plant defense systems, the role of isoprene emission is unclear.  At present several 

hypotheses are in circulation that try to explain the functional utility of isoprene emission 

to plants and try to identify the selective forces that led to persistence of emissions. These 

include isoprene emission-assisted thylakoid membrane stability at high temperature, 

imparting thermotolerance in plants (Singsaas et al. 1997; Behnke et al. 2007; Velikova et 

al. 2011) and protection of photosynthetic apparatus through quenching of ozone induced 

free radicles by isoprene (Loreto and Velikova, 2001; Vickers et al. 2009b).  However, 

isoprene [oid] emission is not the only mechanism that achieves these adaptive roles.  
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Isoprene could also be seen as an inconsequential product of the pathway when the 

substrate intermediates are not completely consumed by the photosynthetic apparatus. CO2-

enrichment experiments have led researchers hypothesize that under elevated CO2, the 

MEP pathway could experience carbon starvation due to reduced PEP flux into chloroplast 

(Rosenstiel et al. 2003). ATP and NADPH starvation of the MEP pathway due to enhanced 

carbon fixation by Rubisco could also explain differences in isoprene emission responses 

under different conditions (Niinemets et al. 1999) and similar models have been refined 

and elaborated over the years (e.g. Morfopoulos et al. 2013).  Despite significant progress, 

many deeper questions surround the biochemical regulation of the MEP pathway 

(Trowbridge et al. 2012; Rasulov et al. 2011; Banerjee et al. 2013).   

 

Why eucalypts? 

Transgenic Arabidopsis thaliana and Nicotiana tobacum have been used in some 

isoprenoid pathway inhibition studies (Laule et al. 2003) as well as induced thermal 

tolerance experiments (Loivamaki et al. 2007a; Vickers et al. 2009b). However, 

Arabidopsis and Nicotiana, the model organisms for most in vitro transgenic experiments, 

unfortunately are isoprene non-emitters and not ideally suited for investigating the biology 

of emission coupled with climate change scenarios.  Studies on isoprene non-emitting 

RNAi mutant Populus (a model tree genus) overcame some of the limitations of herbaceous 

models (Behnke et al. 2007; 2009).  However, species of poplars and oaks are solely either 

isoprene or monoterpene emitters making them unsuitable for studying the relative 

response of isoprene and monoterpenes to environmental changes from a functional and 

physiological perspective.  
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Eucalyptus sp., a native Australian tree is known to emit a broad range of volatile 

organic compounds including isoprene and monoterpenes.  Unlike many other widely 

studied model plants in isoprene research (e.g., Populus sp., Quercus sp.), Eucalyptus is a 

dual emitter in that it emits both isoprene and monoterpenes at measurable levels (He et al. 

2000; Loreto and Delfine, 2000; Winters et al. 2009).  Many early studies on emissions 

were carried out on Eucalyptus to develop some of the first emission algorithms (Guenther 

et al. 1991, 1993).  Since then, several independent research groups around the world have 

published isoprenoid emission response of various Eucalyptus spp from different 

environments (Calfapietra et al. 2007; Heald et al. 2009; Wilkinson et al. 2009).  

 

On the biology of eucalypts: 

Phylogeny, diversity and biogeography: The genus Eucalyptus belongs to the family 

Myrtaceae and it is among the most diverse angiosperms (e.g. Gill et al. 1985) with nearly 

900 described species. There is no consensus view on the classification of eucalypts 

although most taxonomists now recognize three prominent member genera Eucalyptus, 

Corymbia and Angophora (amongst others) and the family Myrtaceae has undergone 

repeated taxonomic revision and continues to change with the advent of more nuclear 

markers and genome sequence information.  The earliest ancestors of eucalypts in the 

family Myrtaceae most likely had their origins in the Gondwanan Antarctica during the late 

Cretaceous (80 Mya; Figure 2) and the earliest eucalypts diversified though Oligocene (40 

Mya) in Australia and South American land mass, although today they are mostly endemic 

to Australia (e.g. Dettmann, 1992; Ladiges, 1997).  Natural populations of a few species 

are found in the Malayan archipelago and New Caledonian islands. Eucalypts played and 

continue to play an integral role in shaping the Aboriginal Australian life. Since the year 
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1780 onwards (since European settlement in Australia) eucalypts have gradually been 

introduced to many parts of the world as plantation trees to serve the global timber, paper 

and pulp industries (Turnbull, 2000).  

 

 
Figure 2: Continental drift in the Southern hemisphere since the late Mesozoic era (150 Mya).  

Eucalypts were widespread across South America, Antarctica and Australia during their early evolution (60 

to 30 Mya) but eventually became isolated in Australia and surrounding islands (today). Illustration is adapted 

in a modified form from a former webpage of CSIRO, Australia. 
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Reproduction and Genetics: Eucalypts are generally protandrous outbreeding species.  

They are pollinated mainly by birds, animals and irregularly by insects (House, 1997). 

Eucalypts have 11 to 12 pairs (2n = 22 to 24) of small and condensed somatic chromosomes 

(Matsumoto et al. 2000).  The high chromosome numbers may have increased the 

frequency of meiotic recombination and contributed to their large reproductive success and 

diversification (Rye and James, 1992; Guerra, 2008).  The genome size of eucalypts may 

vary between 450 and 700 Mb (Grattapaglia and Bradshaw, 1994) and recently sequenced 

genome of Eucalyptus grandis stands at ~640 Mb (Myburg et al., 2014).   

 

Ecology: Despite being genetically very similar, eucalypts exhibit astonishing phenotypic 

diversity.  Several key nucleotide polymorphisms, differences in gene expression and 

isozymes are responsible for differences in eucalyptus leaf economics (Niinemets et al. 

2009), photosynthetic properties (Lewis et al. 2011), flowering time (House, 1997), disease 

resistance (Potts, 2000), canopy architecture and longevity (Mooney et al. 1978).  Eucalypts 

are mostly arborescent and show remarkable adaptation to some of the harshest habitats in 

Australia (Hughes et al. 1996).  Some species tolerate alpine (<−20 oC) conditions (e.g. 

Eucalyptus archeri) while some survive in dry and hot deserts (e.g. Eucalyptus 

striaticalyx).  The tallest angiosperm known is a eucalypt (Eucalyptus regnans).  Insects 

have co-evolved ingenious methods to feed and digest eucalyptus leaves rich in noxious 

secondary metabolites (Ohmart and Edwards, 1991).  The ability of eucalypts to regenerate 

through epicormic bud sprouts has meant that they withstand insect herbivory that would 

otherwise completely defoliate even large trees. Epicormic regeneration in eucalypts plays 

a critical role in the maintenance of fire-prone Australian savannah and sub-tropical 

woodlands (Burrows, 2002). 
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Physiology:  Eucalypts are fast growing pioneer species that prefer high light environments 

and have a wide tolerance for water and nutrient availability. They have extraordinary 

photosynthetic capacities and some species can fix carbon at rates faster than crop plants 

(Wullschleger, 1993).  A latent capacity for high metabolic growth in eucalypts is a paradox 

given that most eucalypts grow in nutrient poor sub-optimal conditions and as a result their 

operating photosynthetic rates do not reach their maximum potential (Whitehead and 

Beadle, 2004).  Xylem vessels (>150 µm in diameter) in eucalypts are some of the widest 

among angiosperms (Mokany et al. 2003; Sperry et al. 2006).  As a result, eucalyptus 

populations are vulnerable to temporary periods of severe heat or drought, which are 

common in Australia.  Yet, they have evolved a wide ranging capacity for transpiration, 

mechanisms of osmotic adjustments and seasonal modification of hydraulic architecture, 

all of which help them survive short-periods of extreme stress (e.g. Merchant et al. 2007; 

Atwell et al. 2009). 

 

Challenges: 

The trouble with global emission models: Estimating global biogenic volatile 

isoprenoid emission levels has been ongoing since the 1960s (Went, 1960a; 1960b).  The 

interest in quantifying emissions arises from the known impacts of biogenic hydrocarbons 

on tropospheric ozone, NOx and methane and the roles of emission in plant function.  Since 

the beginning of 1990s, global isoprenoid emission models trying to capture current and 

future trends in emission levels have involved a posteriori approaches involving 

palaeoclimate and satellite based measurements (Shim et al. 2005; Arneth et al. 2007) as 

well as process-based emission algorithms integrated with dynamic vegetation models 

(Guenther et al. 2006; Unger et al. 2013).  Interestingly, these modelled estimates, 

especially for global annual isoprene emission levels, have been fairly consistent (500 ± 50 
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TgC/yr) and the consistency is attributed to the conformist assumptions of existing 

emission models (Fehsenfeld et al. 1992; equations and estimates are neatly summarized in 

Arneth et al. 2008).   

Our understanding of the biochemistry and physiology of isoprenoid emission has 

deepened since the 2000s, but this has in turn led to the requirement for more sophisticated 

modelling and interpretation.  With increasing anthropogenic inputs into the earth’s future 

greenhouse gas budget and increase in global temperatures plant isoprenoid emissions are 

likely to increase but such an increase is projected to be compensated by a decrease in 

tropical forest cover (IPCC, 4th AR, 2007).  There is a need to design and conduct 

experiments that comprehensively tackle emission responses by accounting for genetic 

diversity and species-specific tolerances to abiotic stresses such as heat and drought.  There 

is also a need to adopt simpler mechanistic models that capture important features of 

emission response to key indicators of climate change.   

 

The role of volatile isoprenoids in emitting taxa:  After six decades of research and 

progress, we are still far from knowing the means of natural selection that has shaped 

emission capacity in plants and why isoprene emission has evolved only in some plant taxa 

and not in others (Sharkey and Singsaas, 1995; Gray et al. 2011; Fineschi et al. 2013).  

Leading researchers appear to have come to a point where they are now questioning the 

question “why plants emit isoprene?”, albeit with some optimism (Sharkey et al. 2013).  A 

justification for asking questions about the evolution of isoprenoid emission could be 

provided at two levels.  

(a) At a practical level, isoprenoid emission is net carbon lost by plants (hence has a 

metabolic cost) and likely has many functions (Figure 3).  A large range in rates of 
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isoprenoid emission between plant taxa is a big hurdle to improving global isoprenoid 

emission estimates (see Appendix I).  If one assumes that isoprenoid emission has key 

a role in increasing plant fitness, then understanding evolutionary constraints on the 

emission process becomes an essential prerequisite for the successful prediction of 

emission capacity in plants.  

(b) At a philosophical level, evolution by natural selection is a feature of the living 

world that distinguishes it from the physical world.  

“Because of the cunning shown by natural selection the whole of Nature 

is little more than a series of gadgets.  This distinguishes [it] strongly 

from almost all the important problems in physics.  Typically, the errors 

in one gadget are corrected in a further one”   

p 165; Francis Crick, The discoverer of the genetic code:  A biography by Matt Ridley (2006) 

Francis Crick (co-discoverer of the DNA double helix), a physicist, is said to have 

realized the role played by natural selection in living systems through his interactions with 

biologists such as Jacques Monod (co-discoverer of the lac operon).  We know in a very 

crude sense that those ‘living gadgets’ simultaneously undergo correction of old “errors” 

(adaptation/selection) and further accumulation of new “errors” (mutation).  While laws of 

physics (particularly the laws of thermodynamics) are very powerful and may explain a lot 

of what life is, it is ultimately an evolutionary context that helps us make sense of biological 

processes (Dobzhansky, 1973).   

Isoprenoids and human welfare:  Forests have been emitting volatiles for millions of 

years but it is only since the industrial revolution and post WW-II urbanization of this world 

that formation of smog and air quality deterioration has become a major challenge.  

Plantation strategies involving transgenic isoprene non-emitting trees have been proposed 

(e.g. Behnke et al. 2012) to curb the impact of isoprene emission on tropospheric ozone 
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pollution (mediated by NOx).  The challenge also lies in understanding the chemistry of 

volatile isoprenoid-NOx-O3 interactions in real time, particularly in regions where urban 

areas are in close vicinity of reserved forests.   

 

Figure 3: A schematic diagram distinguishing constitutive and induced emission (Harrison 

et al. 2013, also see Appendix I) 
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Research questions and thesis structure 

In this thesis, I present the results of a comprehensive set of experiments on the 

physiology of isoprenoid emission in selected species of Eucalyptus from different climate 

zones in Australia.  These experiments attempt to generate a physiological and evolutionary 

basis for isoprenoid emission capacity in plants, with a particular focus on the role of 

physical factors such as drought, CO2 and O2 levels, photoperiod and temperature in 

regulating isoprene and monoterpenoid emission responses at distinct regulatory 

hierarchies. Another broad aim was to come up with an overarching hypothesis to explain 

the mysterious origins and phylogenetically disjunct occurrence of isoprene emission 

capacity among major groups of land plants.  I am avoiding citing papers in this short 

overview of the thesis structure, since a large number of citations would overwhelm 

readability.  I request the reader to go to the relevant chapter to find the literature of their 

interest since each chapter has its own exhaustive list of references.  I recommend reading 

a multi-authored review published in New Phytologist (Appendix I) to place my PhD thesis 

in the context of developments in the field thus far.   

The positive correlation between net carbon assimilation rate and isoprenoid emission 

rate (with a few exceptions) was established long ago and has been confirmed in different 

plant systems (see Chapters 2 and 6).  However, the relationship between the two plastidic 

processes is less clear in plants experiencing severe abiotic stresses (particularly drought), 

where photosynthesis clearly declines but the response of isoprenoid emission responses 

are far less predictable.   One of the main aims of the PhD was to exploit the diversity in 

eucalypts to elucidate the finer aspects of the relationship between photosynthetic carbon 

assimilation and isoprenoid emission in plants experiencing moderate to severe abiotic 
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stresses (drought, high temperature, low CO2, and high O2).  Building on a preliminary 

emission screening elaborated in Chapter 2 (aimed at describing the bio-geographic 

considerations that led to species selection in later chapters), I present a substantive 

argument in Chapter 3 in favour of the reducing power dependent isoprene emission in 

eucalypts under drought and other forms of abiotic stresses.  Chapter 3 is a full paper 

published in Plant Physiology (published by the American Society of Plant Biologists).  

Closely linked with Chapter 3 is the subject discussed in Chapter 4, where I describe the 

post-illumination behaviour of constitutive isoprenoid emission in Quercus ilex (European 

Holm oak) and Eucalyptus camaldulensis (Australian River red gum) in the backdrop of 

post-illumination CO2 burst (photorespiration and dark respiration).  The role of 

photorespiration in influencing the carbon and energy balance between co-localised 

chloroplastic pathways is central to the arguments presented in Chapters 3 and 4.   

While increasing global mean temperatures and increased frequency of unseasonal 

drought could be two of the most significant drivers of a potentially increasing trend in 

isoprenoid emission from forests, an important yet often overlooked external factor is 

photoperiod.  Photoperiod is a constant factor that exhibits an annual cycle.  Separating the 

interactive effects of temperature and photoperiod on plant metabolism in general has been 

a question that has bothered many a plant researcher for the good part of last 100 years.  In 

Chapter 5, I discuss the results of experiments dealing with the interactive effects of 

photoperiod and temperature on seasonal variation in isoprenoid emission in selected 

species of eucalypts.  The aim was to also investigate a role played by photoperiod 

potentially independent of temperature, in influencing seasonal emissions in eucalypts.     

The importance of understanding the origin and evolution of isoprenoid emission trait 

is briefly mentioned in the introduction to the thesis.  In Chapter 6, I propose an original 
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evolutionary hypothesis to explain the occurrence and distribution of isoprene emission 

trait in major land plant linages.  The chapter is published as a full-length opinion article in 

the journal Trends in Plant Science (published by the Cell Press).  In a short, yet a 

comprehensive discourse (Chapter 7), I highlight some of the most important means of 

natural selection acting on volatile isoprenoid emission at various levels of living 

complexity from bacteria to plant populations.  Chapter 7 was invited and published in 

Journal of the Indian Institute of Science.  I conclude my thesis in Chapter 8 by doing a 

brief recap of the background to this thesis, summarising the main findings of my work and 

its significance in the field of plant isoprenoid research.  Exceprts of Chapter 8 are 

published as an addendum in the journal Plant Signaling and Behavior (Appendix VII).  

In the concluding chapter, I attempt to identify future directions of research that would help 

fill the remaining gaps in our knowledge of plant isoprenoid emission and its role in the 

earth system.   

 

Major milestones in isoprenoid emission research: 

1956 Guivi Sanadze (Georgian Academy of Sciences, Georgia) discovers the phenomenon 

of plant isoprene emission (Sanadze, 1957); Reinhold Rasmussen at Washington 

University in USA later discovers the phenomenon independently in the 1960s 

(Rasmussen and Went, 1960) 

1979  The positive effect of light and temperature on isoprene emission initially proposed in 

the 1960s is unequivocally proven by David Tingey (Environment Protection Agency, 

USA) (Tingey et al. 1979) 

1987  Isoprene emission capacity is demonstrated in lower plants (ferns) by David Tingey 

(Tingey et al. 1987) 
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1989-1994  Correlation between photosynthesis and isoprene emission is established (Monson and 

Fall, 1989; University of Colorado, USA) and later a biochemical link is proved by 

13CO2 labelling (Delwiche and Sharkey, 1993; University of Wisconsin, USA)  

First extensive physiological investigations of temperature (Monson, 1992) and 

drought (Sharkey and Loreto, 1993) effects on emission are reported 

 MEP pathway is discovered and elucidated in bacteria by Michél Rohmer and others 

at National School of Chemistry, Mulhouse in France (Rohmer et al. 1993) 

1995 The very first isoprene synthase enzyme from poplar is characterised by Gary Silver 

and Ray Fall at University of Colorado (Silver and Fall, 1995) 

 Alex Guenther at National Centre for Atmospheric Research (USA) proposes a global 

emission algorithm (G95) based on empirical evidence.  (Guenther et al. 1995) 

1997 Origin of isoprene emission in plants is traced to a plastid localised MEP pathway 

(Lichthenthaler et al. 1997) 

 Isoprene mediated thermotolerance hypothesis is proposed with experimental evidence 

(Sharkey and Singsaas, 1995; Singsaas et al. 1997) 

1998-2006 First attempts to construct phylogenetic trees of isoprene emitters and non-emitters 

and hypotheses tackling origin and evolution (Harley et al. 1999; Sharkey et al. 2005) 

Isoprene emission mitigating oxidative stress (ozone) in plants receives empirical 

support (Loreto and Velikova, 2001; The National Research Council, Italy) 

Transgenic isoprene emitting Arabidopsis are generated (Sharkey et al. 2005; 

University of Wisconsin, USA) 

Genes and enzymes of the MEP pathway are isolated and characterized from E. coli 

and plant systems by researchers from all over the world (e.g. Miller et al. 2001) 

Metabolic cross-talk between cytosolic MVA and plastidic MEP pathway is 

established (Laule et al. 2003; Hammerlin et al. 2003) 

The complete MVA pathway construct is expressed in E. coli and a template is set for 

large-scale production of isoprenoids using microbial system (Martin et al. 2003) 



29 

 

Various process-based mechanistic models are proposed to capture isoprene emission 

behaviour in response to physical factors (Niinemets et al. 1999; Zimmer et al. 2000) 

Sophisticated top-down (satellite) and bottom-up (MEGAN) approaches are pursued 

(Shim et al. 2005; Guenther et al. 2006) 

2007-2009 Transgenic isoprene emitting tobacco and isoprene non-emitting poplar systems are 

developed in the UK (Essex/Lancaster) and Germany (Karlsruhe) (Behnke et al. 2007; 

Vickers et al. 2011) 

A unifying hypothesis regarding the role of plant isoprene emission in mitigating 

various forms of oxidative stress is proposed (Vickers et al. 2009a) 

 The role of substrate limitation (DMAPP) in regulating isoprene emission is 

demonstrated using post-illumination isoprene burst (Rasulov et al. 2009) 

2010-2013 Metabolic bottle-necks and pathway feedback mechanisms in the MEP pathway are 

discovered (various authors) 

 More hypotheses concerning origin and evolution of plant isoprene emission are 

proposed (Sharkey et al. 2012; Monson et al. 2013) 
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Chapter 2 

Photosynthesis and isoprene emission in eucalypts from 

contrasting environments2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
2 Contributions: This chapter emanates from a collective discussion and decision on 

experiments by all three supervisors of KGSD and him. IMJ and KGSD designed the 

canopy chamber and sampling unit.  METS engineers constructed it.  KGSD carried out all 

the experiments and analyzed the data and wrote it in a manuscript format.  The process 

based emission model was developed by a team of researchers led by ICP (see Appendix 

I). 
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Abstract: 

Isoprene biosynthesis and emission by plants depends on carbon, energy and reducing 

power supplied by photosynthesis. Experiments have established a negative relationship 

between leaf-internal CO2 concentration (ci) and isoprene emission rate (Ie) within 

individual species, in contrast to the positive relationship between ci and photosynthesis. 

In this study, we exploited natural variation in ci:ca ratios among eucalypt species from 

diverse environments by examining the relationship between net carbon assimilation rate 

(NAR) and isoprene emission between species under present-day ambient CO2 

concentration (ca=400 ppm).  Asat varied greatly, and was a strong predictor of Is among 

species (r2=0.72, P<0.01) whereas Is did not correlate with ci. Among species with adult 

foliage, Asat was co-limited by RuBP carboxylation and regeneration. The ratio of electron 

transport rate (J) to carboxylation capacity correlated negatively with Is while the 

proportion of electron flow not used in the dark reaction (Jr) was positively correlated with 

Is (r
2=0.65, P=0.05). Juvenile foliage of two dimorphic species were outliers, showing high 

Is relative to Asat. We hypothesize that a disequilibrium between electron transport rate and 

Rubisco capacity in some plants may contribute to their high isoprene emission capacity. 

 

Key words: CO2 acclimation; isoprene emission; MEP pathway; electron transport; 

photosynthetic optimum  

 

 

Introduction: 

Photosynthesis, inferred to be optimally co-limited by Rubisco (Ac) and RuBP 

regeneration (Aj), is the principal contributor of carbon skeletons and reducing power used 

in volatile isoprenoid biosynthesis, at least under stress-free conditions (Loreto et al. 1996; 

Sharkey and Yeh, 2001; Schnitzler et al. 2004).  Isoprene emission rate (Ie) increases with 

increasing light and temperature and consideration of CO2 effects is important as CO2 

strongly opposes the effect of temperature (Possell et al. 2005). The effect of CO2 

concentration on emission has been widely studied, in part because of the central role that 

changes in CO2 concentration have played in the evolution of photosynthetic metabolism 

in land plants. Eucalyptus is a native Australian tree genus encompassing a large and 

diverse clade (~1000 species) of plants that emit a broad range of volatile isoprenoids such 

as isoprene and some monoterpenes synthesized de novo; and several monoterpenes from 
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stored pools (e.g. Winters et al. 2009).  Exploiting the natural variation in ci:ca ratios in 

eucalypts, we tested whether relationships between photosynthesis and isoprene emissions 

are conserved across different species with distinct adaptations, some characterized by 

distinct juvenile foliage during early development.  Juvenile foliage of eucalypts is 

physiologically and morphologically mature yet it is distinct from adult foliage (e.g. James 

et al. 1999, Velikova et al. 2008) and the duration of juvenile phase varies from species to 

species.   

 

It is known that higher light-saturated carbon assimilation rates of leaves generally are 

associated with higher isoprenoid emission capacity within species (Monson and Fall 

1989).  We started with an assumption that high net assimilation rate (NAR) reflects a large 

de novo substrate pool and high NAR likely co-occurs with “an equally active” MEP 

pathway even across species.  We hypothesized that a potential disequilibrium between 

carboxylation and photosynthetic electron transport capacities in some plant species (in 

favour of ETR) could explain their unusually high constitutive volatile isoprenoid emission 

capacities.  

 

Materials and methods (also see Appendix II and III): 

Plant material: Seeds of five species of the genus Eucalyptus, namely E. striaticalyx, 

E. camaldulensis (including three subspecies), E. dunnii, E. haemastoma and E. globulus, 

and one species each of the genus Corymbia (C. tessellaris) and Angophora (A. costata) 

were obtained from the Australian Tree Seed Centre (Canberra). The selection of species 

was based on their phytogeographic distribution representing different climatic zones in 

Australia (Figure 1). Soil (a Krasnozem from Robertson, NSW) was mixed with mineral 
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nutrients (Table S1; Appendix III) during germination and early growth.  Seeds were 

germinated in winter (May 2011) at 25 °C day/18 °C night under natural photoperiod in a 

glasshouse. Later Osmocote® slow release fertilizer (0.5% of dry weight of soil) was mixed 

with 80 kg soil in large pots and germinated seedlings were transplanted into these pots and 

grown under ambient CO2 (400 ± 50 ppm); temperature of 29 °C day/21 °C night) in a glass 

house.  Eight-month-old potted seedlings were used for volatile sampling.   

Estimating photosynthetic capacities: Photosynthesis was monitored using a LiCor 

6400XT portable photosynthetic system between 12 noon and 3 pm, at a leaf temperature 

of 30 °C, relative humidity of 40 to 65%, and a light intensity of 1500 µmol m-2 s-1 on bright 

sunny days during March/April 2012 (autumn).   A-ci curves were fitted and Vcmax and J 

were estimated using the curve-fitting tool described in (Sharkey et al. 2007); see Tables 1 

and 3; Jr (electron transport rate not used for dark reactions of photosynthesis, given ci and 

Vcmax) was calculated following Harrison et al (2013).  

𝐽v = 𝑉cmax [
𝑐i +  2Γ∗

𝑐i +  𝐾m
]                                                  (1) 

 𝐽r =  (𝐽 − 𝐽v)                                                                 (2)  

Given Vcmax, we calculated Jv  and then substitute (1) in (2)  where,  

Jv = proportion of electron transport used for dark reactions; Vcmax = maximum 

carboxylation rate by Rubisco; Km = effective Michaelis-Menten coefficient for 

carboxylation by Rubisco (1100 ppm at 30 ºC); Γ* = photorespiratory compensation point 

(40 ppm for C3 plants, although it varied across species); ci = species-specific leaf internal 

CO2 concentration (ppm) at ambient CO2 = 400 ppm.  

 

Volatile isoprenoid sampling:  A 250 L capacity whole plant canopy cylindrical 

volatile collection chamber (see Appendix II) was assembled using volatile free FEP 
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fluorocarbon film (200 µm thickness, transparent to solar spectrum; Dupont TM) and the 

gas-exchange line was made of Teflon, stainless steel tubing and Swagelok® connectors. 

High purity instrument grade air (BOC; 78% nitrogen, 21% oxygen, 1% argon) was mixed 

with CO2 (5% in Nitrogen) to achieve ambient CO2 concentration in the head space.  Head 

space flushing and blank samplings were run to eliminate memory effects (after Niinemets 

et al. 2011).  Soil emissions were prevented from entering the head-space by a Teflon cover 

sealed around the base of plant stem.  Sampling was carried out between 12 and 3 pm such 

that they correspond to the time of day when photosynthesis measurements were made. The 

chamber temperature was 33.3 ± 1.6 °C with some exceptions (Table S2, Appendix III), 

relative humidity generally varied between 25 and 40% (Table S2, Appendix III).  Plants 

were provided with natural PAR of 550 to 800 µmol m-2 s-1 and supplemented with up to 

400 µmol m-2 s-1 of artificial light such that the incident light intensity striking the canopy 

chamber exceeded 800 µmol m-2 s-1 in all cases (often >1000 µmol m-2 s-1) while volatile 

sampling was being carried out. Isoprene emission rate increases with increasing light 

intensity and any increase beyond ~800 µmol m-2 s-1 is shown to have no significant impact 

on Ie (Guenther et al. 1991), although it has to be qualified that for eucalypts even 1500 

µmol m-2 s-1 is not enough to cause light-saturation.  Emission responses at the light-level 

we provided at the canopy crown could only be used as indicative of better-controlled 

cuvette-based measurements (done in later experiments).  Isoprene was adsorbed onto 

conditioned Carboxen 1016 (Sigma Supelco®) into glass thermal desorption tubes and then 

analysed off-line by Thermal Desorption-Gas Chromatography Mass Spectrometry (TD-

GCMS).   

Despite limitations of matching leaf-level photosynthesis and canopy-level emission 

measurements, we opted for a canopy-level whole plant sampling because it was important 

to mimic a realistic field setting during emission estimation.  Our method would not have 
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been applicable in species with dense and closed canopies, which eucalypts are not.  

Quantifying species-to-species variation in the MEP pathway capacity (maximum emission 

potential) was beyond the scope of this study.   

TD-GCMS analysis: A customized GCMS-QP2010 (Shimadzu) was regularly 

calibrated using standard isoprene (Sigma) samples.  Isoprene was diluted in nitrogen filled 

sterile Tedlar® bags and then adsorbed onto TD tubes.  Isoprene sampled from the plant 

chamber was desorbed at 220 °C with ultrapure helium (BOC) as the carrier gas and cryo-

focussed in a stainless steel loop immersed in liquid nitrogen.  The loop was re-heated to 

260 °C to enable sample injection through a PTV injection port.  A 30m, 25mm ID, 25µm 

RTX-5SilMS (Restek) capillary column was used for GC separation.  The chromatographic 

peaks were identified by comparing them to isoprene standard (m/z = 67).  Isoprene 

emission rates were calculated by utilizing sampling flow rate, quantified standards and 

total leaf area (TLA).  TLA was calculated manually by graphing several representative 

fully expanded leaf boundaries onto paper and multiplying the average area with the total 

number of fully expanded mature leaves in the headspace.  Monoterpene emissions that 

were detected were subsequently identified in some species using mass spectra in the NIST 

library (2008) but none was quantified. 

Statistical analyses: Leaf-level photosynthetic measurements corresponding to 

ambient CO2 involved several within plant replicates (Table S3).  Isoprene was sampled 

with two to three biological replicates (whole plants) and multiple technical replicates 

(Table 2) at the same time of day repeated over many days. A-Cc curves were done in 

independent triplicates using fully expanded leaves.   Correlation coefficient and linear 

regression fit between the variables of interest were obtained and their statistical 

significance was tested using Minitab16 (Minitab Inc, PA, USA).      
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Results (also see supplementary tables in Appendix III):  

Figure 1:  Relationship between (a) NAR; (b) J/Vcmax; (c) Jr; (d) ci; (e) gs and isoprene 

emission rate (Ie). (f) gs vs. NAR.  Dotted fit represents overall trend inclusive of all species.  

Black circles and solid line (species with adult foliage); hollow circles (juvenile); gray 

circle (E. haemastoma). Figure 1(b) and (c) do not have Angophora costata since A-ci 

curves were not obtained for that species. The regression fit in Figure 1(c) excludes one 

point (at the extreme right) E. camaldulensis subsp subcineria.  Eucalyptus haemastoma 

had juvenile foliage that consistently followed the adult foliage regression in all plots 

(distinguished with a gray circle). 

 

Net carbon assimilation rate (NAR) at an ambient CO2 of 400 ppm varied from 5 to 22 

µmol m-2 s-1 and NAR was a strong predictor of isoprene emission rate (Ie) among species 

(r2 = 0.72, P <0.01), although the relationship was weak when species with juvenile foliage 

were included (r2  = 0.34, P = 0.06). Two dimorphic species with juvenile foliage were 

outliers, showing high Ie relative to NAR.  Isoprene emission rates (Ie) varied between 
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negligible/no emission in E. dunnii to 5.1 ± 0.15 nmol m-2 s-1 in E. camaldulensis subsp. 

camaldulensis (Fig 1(a)).  Leaf-internal CO2 concentration (ci) bore no relation to Ie (Fig 

1(d)) while stomatal conductance (gs) correlated positively with Ie (Fig 1(e)). Stomatal 

conductance (gs) ranged from 0.05 to 0.32 mol m-2 s-1, and significantly affected 

photosynthetic rate (Fig 1(f), r2 = 0.62, P <0.01) but bore no correlation with ci across 

species. 

 

Figure 2: A-ci curves for eucalypts with four unique combinations of constitutive 

emission capacity.  The three zones of limitations on photosynthesis are highlighted (also 

see Sharkey et al. 2007).  The vertical dotted line is a representative chloroplast CO2 

concentration ci (180 ppm) corresponding to the ambient CO2 (400 ppm) at which Ie was 

measured for all species. Note the shallower slope of the curve for Eucalyptus globulus e.g. 

(z2-z1) < (y2-y1), clearly indicating Rubisco-limited photosynthesis at ambient ca while 

photosynthesis in all other species with adult foliage (upper panel) was co-limited by 

Rubisco and RUBP regeneration. 
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The ratio of instantaneous electron transport rate (J) to maximum carboxylation rate 

(Vcmax) at 30 °C was negatively correlated with Ie (Fig 1(b); excluding juvenile species); 

while Jr (J not used for carboxylation) was positively correlated with Ie (r
2 = 0.65, P = 0.05; 

all species apart from one adult outlier).  NAR in all eucalypts (except E. globulus and C. 

tessellaris with juvenile foliage) was co-limited by carboxylation and electron transport (Ac 

≈ Aj) at ambient CO2 levels during the volatile sampling period (Fig 2). 

 

Discussion: 

When compared to published eucalypt emission data (e.g. Loreto and Delfine, 2000; 

Velikova et al. 2008, Winters et al. 2009) our estimates of Ie for the selected species are 

conservative.  We see fuor reasons. (i) Our emission estimates were derived from whole-

canopy sampling and averaged for the total leaf area in the collection chamber.  Integrated 

estimates of gas emission would be lower than peak rates for individual leaves obtained 

using a LiCor cuvette. (ii) Eucalypts also emit monoterpenes, which are largely stored (cf. 

emissions synthesised de novo).  Monoterpenes were not monitored in our study because it 

was a preliminary screening exercise (protocols were still being standardised and 

optimised). (iii) It was also rationalised that while monoterpene biosynthesis is light-

dependent, monoterpene release from stored pools in eucalypts is independent of light. 

Hence, monoterpene emission was obscurely related to photosynthetic variables. In 

addition, the data of Kuhn et al. (2002) indicate that the constitutive (non-stored, more 

volatile) monoterpenoid emission rates would be at least one order of magnitude less than 

isoprene emission rate and were unlikely to have influenced the emission relationships 

reported here. (iv) The emission estimates from many other eucalypts done using a canopy 

chamber very similar to the one we designed, concurred with our estimates and were within 
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expected range (scientists at CSIRO and Prof. Peter Nelson, personal communication).  

After several experiments (done much later), we were confident that eucalypts are generally 

very low emitters of isoprene compared to other deciduous high-emitters of Europe 

(reasons discussed in the addendum submitted to Plant, Signaling and Behaviour).   

 

The lack of a relationship between ci and emission levels across species (Fig 1(d)) 

differs from the consistent negative correlation between the two variables reported at 

individual leaf level in many species (Possell et al. 2005; Guidolotti et al. 2011).  The lack 

of any relationship between ci and Ie between species should not come as a surprise since 

ci depends on many other complex variables such as leaf anatomy.  The positive correlation 

between stomatal conductance (gs) and emission across species reflects the association of 

gs with NAR (Fig 1(e, f); e.g. Wong et al. 1979), since gs has no direct bearing on emission 

(Niinemets et al. 2004).   

 

The negative slope of the relationship between J/Vcmax and emission rate (Fig 1(b)) may 

indicate that a small increment in Ie across species requires a proportionately larger gain in 

J in order to support both high assimilation rates and provide an excess of electrons to 

sustain higher emission rates (Jr in Fig 1(c)).  In contrast, high amounts of chlorophyll per 

leaf volume in juvenile leaves of E. globulus compared with adult leaves (James et al. 1999) 

suggest that surplus energy/reducing power is available in juvenile leaves in relation to 

Vcmax. However, high chlorophyll content in an emitting species does not necessarily 

translate into high isoprene emission capacity.  Rubisco-limited photosynthesis in highly 

irradiated juvenile E. globulus (J/Vcmax = 1.12; also Fig 2) is not analogous to RuBP 

regeneration-limited photosynthesis in low-light acclimated (shaded and low-emitting) 

leaves, although both systems are characterised by high chlorophyll content. This 
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highlights the role played by physiological adaptations of a species to its ecological niche 

in determining its emission rates. In most instances juvenile and adult foliage of eucalypts 

experience contrasting environments (e.g. high vs. low light).  The two outliers in Figure 

1(a), Corymbia tessellaris and Eucalyptus globulus, are distinguished by having juvenile 

foliage which shows relatively high isoprene emission proportional to a moderately low 

NAR and exhibited large variation in ci. Examining such exceptions could provide further 

clues to the interaction between photosynthesis and isoprenoid emission.  

 

Conclusions: 

The generally observed equitable allocation of nitrogen into Rubisco and the 

photosystem proteins in C3 leaves (Evans and Poorter 2001), and the co-limitation of 

photosynthesis (Ac ≈ Aj) under steady-state conditions, do not hold for all C3 leaves. Our 

results imply that some high isoprenoid-emitting species may be high emitters because they 

deviate from steady-state acclimation and co-limitation of photosynthesis.  We 

hypothesize that disequilibrium between electron transport rate and Rubisco capacity 

in some plants may contribute to their high isoprene emission capacity.  High-emitting 

juvenile foliage of some eucalypts provides an example of a transient plant developmental 

phase that does not maintain a steady-state during early establishment.  Plants exposed to 

prolonged periods of abiotic stress, including drought, can also show photosynthetic 

disequilibrium that negates acclimated responses of isoprenoid emission (Niinemets et al. 

2002, Loreto and Schnitzler 2010).  Such instances underline the importance of testing the 

response of isoprenoid emission to changes in CO2 and abiotic stresses in species that do 

not appear to show ‘optimal’ photosynthetic allocation in natural environments.   
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3 Contributions: Taking a cue from Chapter 2 and discussion in Appendix I, KGSD 

proposed the hypothesis that an imbalance between light reactions of photosynthesis and 

carbon reduction cycle under drought could influence isoprenoid emission rate.  KGSD 

designed the experiment with inputs from BJA and IMJ.  KGSD carried out all the 

experiments with some logistic support from Shuangxi Zhou (a PhD student at MQ).  

KGSD analyzed the data and independently wrote the manuscript with some editorial 

inputs from BJA, IMJ and ICP.  The process based emission model was developed by a 

team of researchers led by ICP (see Appendix I) and later revised by Morfopoulos et al 

(2014, New Phytologist) cited in our paper.  KGSD obtained additional experimental data, 

revised the manuscript and wrote the responses to manuscript referees and the editor of 

Plant Physiology.   
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4  Contributions:  KGSD developed the hypothesis that a potential link between post-

illumination CO2 burst may regulate post-illumination isoprene/monoterpene bursts.  

Experiments were designed and developed by KGSD with expert inputs from FL, MC and 

GM (all at CNR, Italy).  PTR-MS measurements were made by KGSD and GM with the 

help of researchers at University of Firenze.  A report comprising results presented in this 

chapter was submitted by KGSD of Macquarie University (Sydney, Australia), towards the 

partial fulfilment of a research grant awarded to him by Consiglio Nazionale delle Recerche 

in Italy under its STM Scheme-2013. 
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Abstract:   

Light-dependent processes localized in plant chloroplasts cease immediately when 

subjected to darkness, but shortly after darkness is imposed (post-illumination), some of 

these processes show transient activity.  The study of such processes has in the past 

provided insight into the relationship between colocalised light-dependent pathways in the 

chloroplast.  Post-illumination isoprene burst (PiIB) is one such process and its intensity is 

determined by light and temperature.  We intended to test whether regulation of 

constitutively emitted non-stored monoterpenes is similar to that of isoprene.  We employed 

monoterpene emitting Quercus ilex (holm oak), an evergreen oak from the European 

mediterranean biome, and Eucalyptus camaldulensis to explore the occurrence and 

regulation of post-illumination monoterpene burst (PiMB).  In our experiments, we saw 

PiMB to be an inconsistent and rare phenomenon occurring in some leaves and absent in 

most within the same plant of Q. ilex.  We also found that post-illumination CO2 burst, a 

phenomenon far more common among C3 plants including E. camaldulensis, was absent in 

Q.ilex.  We observed that monoterpenes were preferred to isoprene in E. camaldulensis in 

post-illumination burst. We discuss these results along with other important findings in the 

context of the role played by photorespiration in post-illumination energy demands within 

chloroplasts, in addition to substrate affinity of isoprenoid synthases in oaks and eucalypts. 

 

Introduction: 

Isoprene (C5H8) and monoterpenes (C10H16) are volatile hydrocarbons synthesized by 

the MEP pathway localized in plant chloroplasts.  These compounds are emitted in large 

quantities (1000 Tg C/yr) by plants and they play an important role in the global carbon 

cycle.  Volatile isoprenoids, especially isoprene and monoterpenes have significant impact 

on NOx and methane chemistry in the troposphere. Isoprene emission from plants is 

dependent on light and is influenced by temperature, CO2 concentration and plant water 

status.  Monoterpenes are synthesized and constitutively emitted in the same way as 

isoprene in some plants (e.g. Quercus ilex).  Many plants (e.g. Eucalyptus spp) also store 

monoterpenes that are emitted in a light-independent manner. The interactive effects of 

CO2 and heat on photosynthesis and isoprene emission are complex (e.g. Centritto et al. 

2004, 2011).  Experiments on poplar mutants and transgenic tobacco have provided support 

to the hypotheses that heat and/or oxidative stress tolerance in plants can be mediated by 
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isoprene emission (e.g. Behnke et al. 2007; Vickers et al. 2011). In a recent review, we 

identified major gaps in the current understanding of isoprenoid biology and climate 

interactions and laid down a direction for future isoprenoid research (Harrison et al. 2013).  

Taking those perspectives a step forward, we explored many untested physiological aspects 

of plant isoprenoid emission by using the state-of-the-art facility at the National Research 

Council (Italy) and University of Florence. 

There are several light-dependent processes localized in plant chloroplasts that cease 

immediately when subjected to darkness.  Photorespiration is one such pathway that occurs 

in three different plant organelles (Fig. on page 74).  Constitutive isoprenoid emission (via 

the MEP pathway) is another example.  However, shortly after darkness is imposed (post-

illumination), some of these processes show transient activity.  In pioneering studies 

Decker (1955) and Tregunna et al (1961) showed that plants exhibit a post-illumination 

CO2 burst (PiCO2B) which was sensitive to light intensity acclimation and temperature; it 

was later shown to be of photorespiratory origin (Ludwig and Krutkov 1964; Ludwig and 

Canvin, 1971, Tarlowski et al 1986).  Similarly, constitutive isoprene emission ceases 

almost immediately when plants are shifted from light to darkness (e.g. Seemann et al. 

2006).  However, a short period after exposure to dark plants show transient dark emission 

of isoprene before it completely ceases again (Monson et al. 1991; Rasulov et al. 2009a; Li 

et al. 2011). The intensity of post-illumination isoprene burst (PiIB), as it is called, is shown 

to be dependent on the preceding light intensity and temperature acclimation (Rasulov et 

al. 2009; Li et al. 2011).  Both PiIB and PiCO2B have two phases in darkness. They both 

show a large primary peak soon after the light is turned off and primary peak falls quickly 

to zero, although there are significant differences in duration of PiIB and PiCO2B. The 

secondary CO2 burst merges with the stabilizing phase of dark respiration (sustained all the 

time).  The secondary burst in isoprene disappears eventually.  
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The following experiments were designed to test whether regulation of constitutively 

emitted non-stored monoterpenes is similar to that of isoprene.  We employed Quercus ilex 

(holm oak), an evergreen oak from the European mediterranean biome. Q.ilex does not emit 

isoprene rather it emits monoterpenes in a manner similar to isoprene. We explored the 

occurrence and regulation of post-illumination monoterpene burst (PiMB) in Q. ilex. We 

also used Eucalyptus camaldulensis and Populus nigra as isoprene-emitting system 

controls. E. camaldulensis was also used to test the post-illumination relationship between 

isoprene and monoterpenes since both come from the MEP pathway.   

 

 

Materials and methods: 

Plant material:  Two-year-old potted saplings of Populus nigra, Eucalyptus 

camaldulensis, and Quercus ilex were regularly pruned and maintained under natural 

photoperiod and outdoor conditions.  They were initially grown in 5 kg pots and later 

transplanted to 10 kg pots comprising potting mix, sand and slow release fertilizer.  P. nigra 

was given additional artificial light using a fluorescent light bank to avoid leaf-shedding 

and down-regulation of metabolism in winter. 

Photosynthetic performance: A LiCor 6400 (LI-COR Biosciences Inc., PA-USA) 

portable infra-red gas analyser was used to monitor the physiological status of the plant 

material.  The Peltier cooling system of the leaf cuvette was supplemented with an external 

circulating water jacket connected to a water bath (Thermo Fisher, Germany) so that the 

set leaf temperature did not fluctuate >0.3 ˚C  during quick light-dark switch over.  PAR 
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intensity was 1500 µmol m-2 s-1.  Measurements were carried out in triplicate between 10 

am and 3 pm during November 2013.  Post-illumination CO2 burst was measured 

continuously on the same leaf before and after monitoring isoprene/monoterpene bursts.  

All measurements were repeated at a range of oxygen concentrations (ranging from 2% to 

80%). 

 

Monitoring volatile isoprenoid emission using PTR-TOF-MS: Emission 

measurements were carried out using a customized LiCor6400 fed with VOC-free air 

mixed with CO2 into the leaf cuvette.  Ultrapure nitrogen, oxygen, and CO2 (10% in N2) 

were mixed using an automated mass-flow controlling circuit (Brooks Instrument, PA, 

USA).  The air was humidified to achieve 40 to 60% RH.  Before each measurement, the 

LiCor cuvette was cleaned with VOC free air and then the leaf was inserted and acclimated 

to 1500 µmol m-2 s-1 of PAR, 425±10 ppm of CO2 and the desired leaf temperature for at 

least 20 minutes.  Isoprene (protonated mass=69) emission was measured continuously 

using the Proton Transfer Reaction Time of Flight Mass Spectrometer (PTR-TOF-MS, 

Ionicon Analytik, Innsbruck, Austria).  Isoprenoid emission rate was not quantified since 

the aim initially was to detect consistent occurrence of post-illumination bursts.  Leaves of 

P. nigra (at 35 ̊ C) were used to test the protocol to monitor post-illumination isoprene burst 

(modified from Rasulov et al 2009a) including a cuvette cleaning procedure (Li et al. 2011). 

Protonated fractions of monoterpenes (m/z= 81 and 137) were used to monitor 

monoterpenes from Q. ilex at three different temperatures (25 ˚C, 30˚C, and 35 ˚C) with 

identical light treatments. Similarly, both isoprene and monoterpenes were tracked in low 

emitting E. camaldulensis at 40 ˚C to get a strong basal signal before light was switched 

off.   
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Results and Discussion: 

Experiments on the mediterranean evergreen oak Quercus ilex (CNR, unpublished) 

could not confirm the occurrence of post-illumination monoterpene burst (PiMB). In our 

experiments, we saw PiMB to be an inconsistent and rare phenomenon occurring in some 

leaves and absent in most within the same plant (Figure 1; 2 out of 10 leaves on an average 

showed PiMB).  We also found that post-illumination CO2 burst, a phenomenon far more 

common among C3 plants (e.g. Zelitch, 1971), was absent in Q.ilex (Figure 2). Under low 

O2, post-illumination net assimilation rate decreased at a significantly slower rate in Q. ilex 

despite its relatively lower Asat (takes >50s, Figure 2) than in Eucalyptus camaldulensis 

(tended to zero in 20s after light was turned off).   

We observed that most leaves, irrespective of whether they exhibited PiMB in Q.ilex 

also exhibited PiCO2B with a distinct and transient photorespiratory peak (Figure 3).  

However, such a peak was consistent only when subjected to hyperoxic conditions ([O2] 

>50%).  Based on these and other observations (to be discussed), we consider two possible 

explanations for the erratic behaviour of PiMB in Q. ilex: (a) They have very low 

photorespiration costs compared to other plants thus carboxylation is highly efficient (b) 

They have higher than average photorespiration to cope with hot and dry mediterranean 

climate and they have evolved a more efficient mechanism to recapture photorespiratory 

CO2 as in some crop plants (Loreto et al. 1999; Busch et al. 2013).  Given the role played 

by photosynthetic electron transport rate and the demand for reducing equivalents amongst 

various pathways within chloroplasts in determining isoprene and monoterpene emission 

under both drought and stress-free conditions (Niinemets et al. 2002; Dani et al. 2014),  the 

extent to which post-illumination carboxylation continues may give us a handle on post-

illumination monoterpene burst in Q.ilex.   
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Figure 1: Inconsistency of post-illumination monoterpene burst in Quercus ilex:  [a] 

an atypical response of constitutive monoterpene emission with a clear post-illumination 

burst at 1200s post darkness [b] Representative common response where post-illumination 

monoterpene burst is not observed.  Both these real time PTR-MS spectra were obtained 

under identical conditions from two different leaves.  The conditions were 25 ºC, 20 minute 

acclimation to 1500 µmol m-2s-1 of PAR before light was turned off, 425 ± 10ppm CO2, 

and 40% RH.    

There could be leaf to leaf variation in monoterpene emission rates due to variations in 

metabolic functional requirements, but it is puzzling that PiMB is rare given monoterpenes 

are always emitted in light by all the leaves in Q. ilex (Figure 1).  The magnitude of 

secondary dark-phase peak in PiIB is shown to decline under hypoxia despite no change in 

dark respiration (Rasulov et al. 2011).  In contrast, it was shown very early (Tregunna et 

al. 1966) that the secondary CO2 burst during PiCO2B is not sensitive to hypoxia and it is 

largely from dark-respiration, although the reason for a transient and delayed increase in 

CO2 output are unknown.  If one accepts that depending on leaf ontogeny, dark respiration 

could compete with isoprene emission for the same substrates from the cytoplasm 
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(Rosenstiel et al. 2003; Loreto et al. 2007), dissecting the nature and magnitude of a 

secondary post-illumination CO2 peak in Q. ilex (Figure 2) may hold the key to 

understanding PiMB.   

 

Figure 2: Post-illumination CO2 burst in Eucalyptus camaldulensis and Quercus ilex: 

Under normoxia (20% O2), the primary CO2 peak of photorespiratory origin is very clear 

in Eucalyptus camaldulensis and the same is absent in Quercus ilex. Both species show a 

clear slow rising post-illumination CO2 peak (~150 s post darkness) when acclimated to 

hypoxic (2%) atmosphere. Reasons for the latter are unknown.  Secondary y-axis should 

be used for data points after the light-off arrow (N = 5) 

 

Isoprene emission is suggested to be regulated by conditions of substrate (DMAPP) 

limitation and isoprene synthase kinetics (Magel et al. 2006; Rasulov et al. 2010) and 

DMAPP pools deplete quickly into darkness (Rasulov et al. 2013).  A trade-off between 

carotenoid biosynthesis and isoprene emission (both are products of the MEP pathway) was 

proposed (Own and Penuelas, 2005) and recently deduced using PiIB based DMAPP pool 

size estimation in the leaves of Populus tremula at different stages of leaf development 

(Rasulov et al. 2014).  E. camaldulensis confirmed the proposed biochemical trade-off 

between isoprene and monoterpene emission among emitting genera (Figure 4; Harrison et 

al. 2013).   After turning off the light source (even at 40 ºC), isoprene emission declined 
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and monoterpene emission instantly peaked.  Those monoterpenes were unlikely to have 

come from stored pools, as they were not light-independent.   

Figure 3: Post-illumination photorespiratory CO2 burst in Q.ilex subjected to 

hyperoxia:  The graph shows that the CO2 burst which is not seen under normoxia (N=7, 

20% O2) starts appearing at 50% O2 (N=3) and becomes more prominent under hyperoxia 

(N = 3, 80% O2).  Secondary y-axis should be used for data points that succeed the ‘light-

off’ arrow. 
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Figure 4: Post-illumination trade-off between isoprene and monoterpene emission in 

Eucalyptus camaldulensis.  Monoterpene emission increases immediately after the light is 

turned off and the increase coincides with the decline in isoprene emission.  Isoprene (m/z 

=69.069) shows a clear secondary post-illumination burst at 600s, while monoterpenes (m/z 

=137.132) do not show a clear secondary burst. Leaf was acclimated to 40 ºC, 20 minute 

acclimation to 1500 µmol m-2s-1 of PAR before light was turned off, 410±10ppm CO2, and 

60% RH (N = 3).   

 

Gernyl pyro phosphate (GPP) is f the substrate for monoterpene biosynthesis and GPP 

is formed by the fusion of IPP and DMAPP.  GPP is also first substrate in the sequence of 

enzymatic reactions leading to the formation of carotenoids.  Let us assume that constitutive 

(non-stored) monoterpene emission is also likely to follow post-illumination isoprene 

burst-like kinetics.  Then we could accept that due to low Km, DMAPP, IPP (0.01 mM) of GPP 

synthase, the post illumination increase in monoterpene emission in E. camaldulensis 

continued for 300 s (Figure 4) despite a decreased DMAPP pool size. However, we saw a 

clear secondary isoprene burst in E. camaldulensis while a secondary monoterpene burst 

was absent.  The low rate of monoterpene emission in E. camaldulensis when light-driven 

isoprene emission is high, points towards a limited GPP pool and continued conversion of 

IPP + DMAPP  GPP (for >300 seconds) even as isoprene emission declined in darkness.   
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It is proposed that the delayed secondary post-illumination isoprene peak is limited by 

carbon (de novo) trapped as MEP pathway metabolites, which are converted to DMAPP 

upon a slow and transient supply of reducing power (Rasulov et al. 2011; Li and Sharkey, 

2013). Could one conclude that a delayed conversion of MEP pathway precursor to 

DMAPP leads to a large enough DMAPP pool size that again favours isoprene synthase 

over GPP synthase? All of these raise questions about substrate-limitation hypothesis 

explaining post-illumination kinetics of isoprene and monoterpene emission.  Perhaps, 

erratic behaviour of PiMB in Q.ilex (this study) and the general non-correlation between 

MEP pathway substrate-pool sizes and isoprenoid emission capacity in plants (Nogues et 

al. 2006) suggests that monoterpene emission could be sensitive to other extra-chloroplastic 

factors including respiratory carbon. It remains to be tested whether post-illumination 

consumption of DMAPP for monoterpene emission in Eucalyptus is significant enough to 

cause complete depletion of MEP pathway intermediates “stuck” due to reducing power 

limitation.   
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Abstract:   

Light is the sine qua non of plant isoprene emission while rates of emission respond 

strongly to increasing temperatures (Q10 >5).  Diurnal variation in foliar volatile 

isoprenoid emission in plants involves highly synchronized transcriptional regulation of 

the genes involved in the MEP pathway, suggesting broader regulatory implications at the 

transcriptional level for seasonal variation in emission from perennial plants. We tested 

the hypothesis that photoperiodic acclimation and transcriptional regulation of the MEP 

pathway plays a role independent of temperature in influencing seasonal variation in 

emission.  We used seedlings of Eucalyptus globulus and E. camaldulensis acclimated to 

two distinct temperatures (25˚C, 33˚C) and photoperiodic regimes (natural day-length and 

long-day) and monitored photosynthesis, isoprenoid emission rate and abundance of 

selected mRNA transcript levels.  Net assimilation rates did not differ significantly 

between and across treatment groups, although there were notable variations in relative 

transcript abundance of selected core photosynthesis genes.  Long-day alone caused 

increased isoprene emission in E. camaldulensis while warmer temperature acclimation 

alone caused increased emission in both the species, all characterised by an associated 

increase in the transcript abundance of DXS (1-deoxy-D-xylulose-5-phosphate synthase) 

and ISPS (isoprene synthase).  Diurnal oscillation in volatile emission is temperature 

compensated whilst the phase-width is determined by photoperiod. We propose that 

seasonal maxima and minima in plant volatile isoprene emission are temperature-

entrained and are likely photoperiod-gated. 

 

 

Key words:  circannual rhythm; MEP pathway; photoperiod; photosynthesis; qPCR; 

transcription; temperature compensation 

 

Introduction:  

Light-dependent foliar volatile isoprenoid biosynthesis and constitutive emission in 

plants occurs through the plastid-localised MEP (2-C-methyl-D-erythritol-4-phosphate) 

pathway. The intensity of volatile emissions is largely a function of light intensity, 

temperature, CO2 and water availability (Monson & Fall, 1989; Sharkey et al., 1991; 

Sharkey & Loreto, 1993).  Like most plastidic biochemical pathways that are active during 

the sunlit hours of a day, isoprenoid emission in plants exhibits a diurnal rhythm and the 

process is circadian gated (Wilkinson et al., 2006; Loivamäki et al., 2007).  Circadian 

regulation of isoprenoid emission impacts the formation of tropospheric ozone (Hewitt et 

al., 2011).  The phenomenon also has a circannual rhythm (summer maxima and winter 

minima) and understanding the biological mechanisms regulating the annual cycle has 
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implications for predicting emission consequences for regional weather and climate 

systems.     

 

Volatile isoprenoid emission capacity of a species is determined by both aseasonal traits 

(growth habit and longevity) and seasonal traits such as leaf life span and photosynthetic 

capacity (Dani et al., 2014a).  Seasonal influences on the metabolic flux through the MEP 

pathway are well known (Owen & Peñuelas 2005; Rodríguez-Villalon et al., 2009; Rasulov 

et al., 2014).  Most MEP pathway enzymes including isoprene synthase have long half-

lives and substrate-level controls are implicated in dirunal regulation of emission (Wiberley 

et al., 2009).  Variation in substrate pool-sizes, feedback mechanisms, and post-

translational modification of enzymes may play significant roles in pathway responses 

especially through developmental transitions (Smith et al., 2004; Guevara-García et al., 

2005; Vickers et al., 2011; Banerjee et al., 2013; Ghirardo et al., 2014; Wright et al., 2014).   

 

Expression of most genes of the MEP pathway is regulated by light, heat-shock, 

circadian and/or herbivore-elicitor transcription elements (Cordoba et al., 2009; Meier et 

al., 2011; Harrison et al., 2013).  Transcription, when it correlates with translation, could 

be a weak indicator of enzyme activity for the MEP pathway (Iijima et al., 2004).  Variation 

in the abundance of transcripts of DXR and ISPS (isoprene synthase) genes is linked with 

annual cycles in isoprenoid emission (Mayerhofer et al., 2005).  One of the key steps in the 

MEP pathway is its first step involving the formation of 1-deoxy-D-xylulose-5-phosphate 

(DOXP) by DOXP synthase encoded by the gene DXS (Wiberley et al., 2009; Cordoba et 

al., 2011; Han et al., 2013).  DXR (1-deoxy-D-xylulose 5-phosphate reductoisomerase) 

expression is responsible for accumulation of 2-C-methyl-D-erythritol-4-phosphate and is 

seen as an important step in isoprenoid biosynthesis (Carretero-Paulet et al., 2006).   
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Given that the metabolic costs of transcription and translation have significant fitness 

costs (Stoebel et al., 2008), regulation of the MEP pathway at the source (transcription) is 

more likely and cost efficient over seasonal time scales.  Transcription, in general, is 

sensitive to both short-term dynamic environmental stimuli (over minutes) as well as 

incremental entrainment through seasons (Covington et al., 2008; Harmer, 2009; Hoffman 

et al., 2010; Igamberdiev et al., 2014).  Photoperiod is a predictable variable that enables 

plants to respond to seasons and thereby optimize their biosynthetic fluxes (Hay, 1990; 

Keskitalo et al., 2005; Jackson, 2009; Velez-Ramirez et al., 2011). For example, 

photoperiod influences developmental transitions from vegetative to reproductive phase in 

many annuals (Garner & Allard, 1920; Song et al., 2013) and induction and breaking of 

bud dormancy in trees (Kramer, 1936; Bohleneus et al., 2006).  Light intensity, photoperiod 

and temperature interactions cause seasonal structural and chemical reorganization of 

photosynthesis in conifers (Öquist & Huner, 2003) and in many sub-tropical, temperate 

evergreen angiosperms (Hughes & Smith, 2007).  Despite the involvement of many 

circadian (clock) elements in photoperiodic signalling pathway, photoperiod is likely to 

control plant responses independent of clock elements and temperature (Bradshaw & 

Holzapfel, 2010; Stoy et al., 2014). In this context, phenological assumptions of global 

isoprenoid emission models and mechanisms underlying seasonal variability in isoprenoid 

emissions have not been satisfactorily explained especially in evergreen trees (Kuhn et al., 

2004; Harrison et al., 2013; Unger et al., 2013).   

 

Species-specific temperature optima for growth and metabolism are an adaptive feature 

typical of geographically widespread and hyper diverse evergreens such as eucalypts 

(Scurfield, 1961; Paton, 1980).  We expected that evergreen trees would exhibit significant 
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seasonal rhythms in their metabolism even though they do not undergo strict circannual 

leaf senescence.  Down regulation of metabolic pathways during drier and/or colder seasons 

would be critical for plant survival and the mechanisms would be under stringent selection 

pressures and therefore are likely to be conserved across deciduous and evergreen habits 

(Adams et al., 2004).  We tracked isoprenoid emission, photosynthetic performance and 

real-time expression of selected key genes in evergreen eucalypts acclimated to distinct 

temperature and photoperiodic regimes.  Based on reports that photoperiod has distinct 

effects on seasonal optimization of photosynthesis independent of temperature acclimation 

(Bamberg et al., 1967; Bauerle et al., 2012), we tested hypothesis that photoperiod could 

selectively regulate isoprenoid emission through controlling gene expression independent 

of temperature. The focus of the experiment was not to demonstrate circadian patterns in 

emission in eucalypts rather to separate the effects of photoperiod and temperature through 

seasons.   

 

Materials and Methods: 

Plant material:  Seeds of Eucalyptus globulus from the Australian Tree Seed Centre 

(Canberra) were germinated during winter (April) in Kraznozemic soil from Robertson area 

in New South Wales.  15-day seedlings were transplanted to pots (12 kg soil) containing 

the red soil mixed with Osmocote® slow release fertilizer.   Plants were watered daily until 

the completion of the experiments.  E. globulus was initially selected for the study (from a 

pool of 15 species) because it grew well in relatively small (12kg) pots and the seedling 

architecture was suitable for branch-level volatile sampling.  However, it was observed that 

LD treatment (irrespective of temperature) induced faster transition from juvenile to adult 

phase in E. globulus, complicating the interpretation of volatile emissions and 

photosynthetic responses (see Appendix V). Transition from juvenile to adult leaves in 
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eucalypts is not a process of maturation.  Both juvenile and adult leaves are fully expanded 

mature leaves and it is called heterophylly. We included Eucalyptus camaldulensis (which 

does not show heterophylly) as a control group during the winter experiment.    

 

Photoperiod and temperature treatment (Table 1 and Figure 1):  After 60 d of growth 

under natural photoperiod at 25 ˚C/ 18 ˚C day/night temperature regime, plants bearing 

around ten fully developed leaves were segregated into four identical groups of four plants 

each. Each group was shifted to glasshouses with a natural or artificially extended 

photoperiodic regime (Fig. 1a, b; Table 1).  Two treatment groups were at 25 ˚C/ 18 ˚C and 

the remaining two were at 33 ˚C/ 18 ˚C.   Night temperature in all treatment groups was set 

at 18 ˚C (realistic during summer).  Low night temperatures, typically <12 ˚C during 

winters in NSW, could have interfered with phytochrome signalling pathway complicating 

interpretation (Mølmann et al., 2005). One group from each temperature treatment was 

subjected to long days for five months (simulated by low-fluence, cool-white fluorescent 

light, 40 µmol m-2 s-1).  The fluorescent light emission spectrum was rich in green (546nm; 

Hg vapour), red (610 to 660nm) and tiny bit of blue light.  The LD (Long Day) glasshouses 

were oriented identically and the plants were randomised under the light bank.  A 

continuously short-day acclimated treatment group was not included because we observed 

that eucalypts developed abnormal (non-pathogenic) intumescent blisters when grown 

under artificial lights in a growth cabinet (also see Pincard et al., 2006). Instead, we 

employed naturally increasing (summer-ascent) daylengths as controls to the fluorescent 

light supplemented long-day (~16 h; Fig. 1b) treatment groups.  Another set of seeds were 

germinated in mid-summer and shifted to a decreasing natural photoperiodic regime 

(winter-ascent) from February to July (Table 1).   
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Figure 1: Light regime (A) Daily variation in solar light (SL) intensity in summer and winter 

at the experimental station. Long day (LD) treatment was achieved by low fluence fluorescent light 

(FL; 40 µmol m-2 s-1) (B) Annual variation in duration of day length at the experimental location 

(Sydney, Australia).  Duration of LD remained consistent (16:15 ± 0:30 hrs.) during summer-ascent 

(Jul to Jan) and winter-ascent (Feb-Jun).  The constant 7 h line represents the fluorescent 

supplemental light given to LD plants during both summer and winter-ascent experiments.  The 

dashed (-----) line represents the period of overlap between SL and FL that varied through the 

seasons since FL was turned on before sun set.  The dotted (••••) line corresponds to the period 

when the LD plants received only FL every day. 
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Photosynthesis and pigment concentrations: A LiCor 6400xt portable photosynthetic 

system (LI-COR, Lincoln, Nebraska, USA) was used to monitor the physiological status of 

the plant material.  Measurements were carried out on three leaves per biological replicate 

between 11 am and 3 pm on bright sunny days during the months of December 2012 and 

January 2013 (Australian summer) and repeated in May to July 2013 (Australian winter).  

Cuvette CO2 concentration was maintained at 400 µmol mol-1 and the light intensity was 

1200 µmol m-2 s-1.  During summer the leaf temperature was set at 30 °C to reflect 

conditions of branch-level sampling.  During winter, the leaf temperature was specific to 

the treatment group.  Leaves were harvested immediately after sampling and total pigments 

were extracted in acetone.  0.5 g of leaf tissue was ground in a mortar using 5mL of 85% 

acetone with a pinch of acid washed sand and MgCO3 (10 mg) and centrifuged at 8000 

RPM. The extract was diluted suitably to determine chlorophyll and carotenoid 

concentrations by spectrophotometry (Thermo Scientific, USA) following Lichthenthaler 

and Wellburn (1983). 

 

Volatile isoprenoid sampling:  25 L capacity Tedlar® bags (Sigma) were modified to 

make branch-level volatile collection chambers with a PTFE (polytetrafluoroethylene) base 

for air tight sealing.  An empty chamber was flushed with clean-air at a high flow rate (20 

L min-1) for 5 min.  A branch was inserted into the chamber and sealed around at the base.  

Plants were provided with natural sun light from 10 am until 5 pm during sampling and 

branch temperature was 30 ± 2 °C in summer.  In winter, a LI6400 XT portable gas 

exchange system was suitably modified to sample volatiles (using volatile free humidified 

air mixed with high purity CO2) directly from the leaf cuvette onto the thermal adsorbent 

bed as described in Dani et al (2014b).  Volatile emissions were sampled from two to three 
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leaves (winter) or two to three branches (summer) per biological replicate (N = 4 to 5) per 

treatment group.  During cuvette sampling (winter) leaf temperature was maintained in 

accordance with the temperature acclimation of the treatment group and light intensity was 

maintained at 1200 µmol m-2 s-1 irrespective of the time of day. 

 

RNA extraction and real time qPCR:  The leaves were collected just after volatile 

sampling (winter) between 11 am and 3 pm, tissues were flash frozen in liquid nitrogen and 

stored at -80 °C until further use.  To extract RNA from eucalyptus leaves comprising a 

large amount of polyphenolic substances (inhibitors of cDNA synthesis and qPCR), a 

conventional RNA extraction protocol was preferred to popular commercial extraction 

columns/kits.  High quality RNA was extracted in an extraction buffer comprising cetyl 

trimethyl ammonium bromide (CTAB), polyvinyl pyrolidone K30 (PVP) (modified from 

Chang et al., 1993; Zeng & Yang 2002).  RNA was treated with DNase I (Sigma) and RNA 

quality was checked through denaturing agarose electrophoresis and A260nm/A280nm ratio 

was always >1.8 (often >2.0; tested using an Eppendorf biophotometer).  First strand cDNA 

synthesis was performed at 50 ˚C using the Transcriptor cDNA synthesis kit (Roche, 

GmbH) using anchored oligo dT18 primer on 1µg total RNA as the starting template and 

10U of Transcriptor reverse transcriptase.   Real time qPCR was performed using a Light 

Cycler 2.0 (Roche®). Reactions were setup in triplicates for each primer pair per tissue 

sample (RNA pooled from three leaves within plant) using the SYBR Green Fast Start 

Master Kit (Roche®) starting with 5 ng of cDNA template and transcript specific primers 

(Table S1, Appendix V). The amplification cycle had the following programme 95 ˚C (10 

min); 40 cycles of [95 ˚C (20 s) + 54 ˚C (30 s) + 72 ˚C (20 s)] at 20 ˚C/s, 72 ˚C (20 s) at 

0.1 ˚C/s, 35 ˚C (30 s).  Recently sequenced draft genome of Eucalyptus grandis (Eucagen 

project; Myburg et al., 2014) and the available cDNA and genomic sequences at the 
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NCBI’s Genbank from various eudicots (especially Populus and Quercus) were employed 

to design qPCR primers (Table S1, Appendix V).  Wherever possible primers spanned an 

exon-exon junction and most amplicons were closer to the 3ʹ end of their respective cDNAs 

to overcome 3ʹ bias of oligo dT cDNA pool.  α-tubulin, ubiquitin, actin and 18S rRNA were 

tested as candidate reference genes. Actin and 18s rRNA were selected as internal reference 

genes.  We selectively monitored DXS and HDR transcript levels (representing the MEP 

pathway) since DXS enzyme catalyses the rate limiting step of the MEP pathway (Estévez 

et al., 2001) and HD reductase catalyses the formation of DMAPP, the substrate for 

isoprene synthase.  In addition, light induced transcript abundance of DXS, HDR and ISPS 

exhibit a distinct single peak per day (around midday; Wiberley et al., 2009) and the 

abundance of DXS and HDR strongly correlates with their enzyme levels (León & Cordoba, 

2013).  Standard quantification curves for two reference genes and eight target genes were 

generated over a cDNA template working concentration range of 5pg to 50ng and qPCR 

efficiency (Table S1, Appendix V) was calculated using the Light Cycler Software v4.0.   

 

GC-MS analysis: A Shimadzu GCMS-QP 2010 machine was modified to 

accommodate a customised thermal desorption and cryo-focussing unit feeding into the 

injection port.  Ultrapure helium (BOC) was used as the carrier gas.  Isoprene (analytical 

grade, Sigma) standard samples injected into sterile Tedlar® bags, and adsorbed onto TD 

tubes were used to calibrate the instrument at regular intervals.  Volatiles were desorbed 

from the TD tube at 220 °C at a flow rate of 10 mL min-1 for 5 min and simultaneously 

cryo-focussed by passing the desorbed volatiles through a stainless steel loop immersed in 

liquid nitrogen.  The sample was directed through a programmed temperature vaporisation 

(PTV) injection port by quickly heating the cryo-focussing loop to 260 °C using a heat gun.  

A 30 m, 25 mm ID, 25 µm RTX-5 Sil MS (Restek) capillary column was used for GC.  The 
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temperature regime for GC run was 28 °C (3 min) to 110 °C (3 min) at 5 °C min-1 and finally 

to 180 °C at 5 °C min-1.  Appropriate reference standards were run and volatiles were 

quantified following Dani et al (2014b). 

 

Statistical analyses:  Isoprene emission was sampled from two to three leaves (winter) 

or two to three branches per biological replicate (N=4 to 5) per treatment group.  

Significance of the phase of the circadian peak (Fig. 2(a)) was computed using t tests for 

the time interval (within the temperature group) since circadian rhythmicity was established 

in other similar systems and not assumed (Refinetti et al., 2007).  Data from several days 

were stacked to obtain a single synchronised cycle.  The stacking of data was done for 

hourly time intervals between 12 noon and 3 pm except at the beginning i.e., from 10 am 

to 12 noon and then at the end of the day from 3 pm to 5 pm (Fig. 2(b)) since isoprene 

sampling duration per sample was doubled for morning and evening samples.  Data were 

normalised within each treatment group and cosinor analysis (Cornelissen, 2014) was 

performed using a Matlab® programme (Heart, 2008; Mathworks, MA, USA; Fig. 2(c)).  

Actin (medium copy) and 18s rRNA (high copy) were selected as candidate reference 

standards although only 18s rRNA transcript abundance was used to quantify relative fold 

change in transcripts by comparative CT method (2-∆∆CT, Schmittgen & Livak, 2008).   

 

Results: 

Growth and photosynthesis: Cool temperatures coupled with long-days are expected to 

increase biomass accumulation and any significant increase in temperature is expected to 

mask the positive effect of long-days on biomass accumulation (Hunter et al., 1974).    
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  Figure 2: Long-day and temperature effects on the diurnal phase of isoprene 

emission in E. globulus during summer-ascent: Top panel at 25 ˚C and the bottom panel 

at 33 ˚C (a) Original emission data (N=4; mean ± 1 SE; **P<0.05). Emission rates at 25 

˚C are higher in absolute terms than those at 33 ˚C   because the branch temperature was 

30 ± 2˚C for both treatment groups during sampling and as a result, seedlings from 25 ˚C 

were exposed to higher temperatures during sampling. (b) Data are normalised within each 

treatment group. Phase shift is captured by fitting second degree polynomial curves (least-

squares regression, r2=0.76 to 0.96). (c) Single component cosine fits for isoprene emission 

rates (differences significant at α=0.05).   
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This prediction was confirmed in E. camaldulensis during winter-ascent but not in 

E.globulus.  LD treatment had a significant positive effect on total vegetative growth (mean 

heights) in E. globulus at both 25 ˚C and 33 ˚C only during summer-ascent (Fig. S1, 
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Appendix V).  Neither LD nor warmer temperature acclimation affected net assimilation 

rates during summer-ascent (Table 2). 

Artificially imposed LD during winter-ascent caused significant decline in net 

assimilation rate in E. globulus at 25 ˚C but the seedlings acclimated to 33 ˚C and LD did 

not show any change.  There was no significant change in net assimilation rate across 

treatment groups in E. camaldulensis (with adult foliage) during winter-ascent (Table S2, 

Appendix V).  LD plants had less chlorophyll per unit area (not determined directly but the 

leaf area was relatively bigger) but with no total change in chlorophyll (determined only 

during winter; Table 2).  But the decrease in chlorophyll was statistically significant only 

in E. globulus at 25 ˚C under LD and we believe it was an anomalous response (see 

discussion).  Total carotenoid content (a product of an extended MEP pathway) was 

insensitive to both temperature and photoperiodic acclimation in E. globulus (Table 2). 

 

Volatile emissions: Eucalyptus globulus seedlings acclimated to natural photoperiod at 

both 25 and 33 ˚C showed a significant diurnal peak between noon and 2 pm during 

summer-ascent.  During the same period, seedlings experiencing continuous LD (~16 h) 

showed a significant temporal delay in their peak daily isoprene emission rate occurring 

between 1 and 3 pm (Fig. 2).  The peak-broadening/-shifting effect persisted irrespective 

of temperature acclimation.  During the summer-ascent experiments, there was unavoidable 

temperature variation at the branch-level due to variation in radiant sunlight.  Therefore, 

the measurements made in summer could not test whether LD also influenced the absolute 

emission rates.  During winter, leaf-level emission measured at constant light and 

treatment-specific temperature showed that interaction between LD and warmer 

temperature (25  33 ˚C) in E. globulus caused an absolute increase in isoprene emission 

rate (Fig. 3a).  By contrast, LD at 25 ˚C caused a significant increase in isoprene emission 
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rate in E. camaldulensis (Fig. 3a) and the effect of LD was not significant at 33 ˚C.  

Constitutive monoterpene emission decreased in absolute terms in plants under LD 

although the difference was statistically significant only for E. globulus acclimated to 33 

˚C (Fig. 3b).   

Figure 3: Interactive effects of photoperiod and temperature acclimation on (A) 

Isoprene emission rate and (B) Constitutive monoterpene emission rate in E. globulus 

(juvenile foliage) and E. camaldulensis (adult foliage) during winter-ascent.  Each bar 

corresponds to mean ± 1 SE (N=4 to 5; also see Table 2).*P<0.1, **P<0.05; NS is not 

significant; t-test at α=0.05.   
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Figure 4: Fold-change in the transcript of selected genes from photosynthesis and 

the MEP pathway during winter-ascent in (A) E. globulus and (B) E. camaldulensis.  

Fold-change is calculated by keeping the estimates from control group (25 ˚C, natural 

photoperiod) and 18S rRNA abundance as reference.  Each column represents fold-change 

values from triplicate qPCRs done using RNA extracted from nine leaves per treatment 

group (N=4 to 5). The symbol ** indicates significant change and NS is not significant.  

Note: Y-axis in (A) is linear and it is logarithmic in (B).  The fold-changes for E. globulus 

(25 ˚C; LD) is not presented in Fig 4 (a) since it had significantly different responses.  The 

data is provided in Appendix V and explained under discussion section. 
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Transcript abundance (during winter-ascent): Compared to control (natural 

photoperiod, 25 ̊ C), in E. globulus, transcripts of nuclear encoded small subunit of Rubisco 

significantly increased under warmer acclimation while those of ferredoxin-NAD reductase 

(FNR) decreased and that of γ-subunit of chloroplastic ATP synthase (ATPS) remained 

unchanged (Fig. 4).  While warmer temperature on its own induced increased transcription 

of phospho-enol pyruvate carboxylase (PEPC) and DXS in both the species, abundance in 

these transcripts also increased due to LD (at 25 ˚C) alone in E. camaldulensis but not in 

E. globulus (Fig. 4). In E. globulus consistently across treatment groups any increase in 

ISPS transcripts and isoprene emission rate was associated with a marked decrease in MTS 

transcription (Fig. 4a) and constitutive monoterpene emission rates (Fig. 3b).  HDR (4-

hydroxy-3-methylbut-2-enyl diphosphate reductase) transcripts did not change in both 

species under all treatments.  Both ISPS and MTS transcripts increased in response to 

warmer temperature acclimation in E. camaldulensis (without LD) but only isoprene 

emission rate increased and not that of monoterpenes (Fig. 3a).  Transcripts of FNR and 

ATPS significantly increased in E. camaldulensis only at 33 ˚C when combined with LD 

(Fig. 4b).  

 

Discussion: 

It is known that differences in the sensitivity of transcriptional regulatory elements to 

key environmental cues plays a significant role in modulating circadian gated plant 

metabolic pathways (Michael et al., 2003; Farré & Weise, 2012).  We hypothesised that 

photoperiod influences seasonal regulation of foliar volatile isoprenoid emission 

independent of temperature through transcriptional regulation of core-photosynthesis genes 

and selected MEP pathway genes.   
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We found that irrespective of steady-state temperature acclimation, Eucalyptus 

globulus seedlings grown under artificially induced long day (LD) exhibited altered 

(delayed) phase in their diurnal emission rhythm (Fig. 2).  LD is shown to cause phase-

shifts in transcription of a gene coding for a chlorophyll binding protein in Arabidopsis 

(Millar and Kay, 1996).  Similarly, transgenic isoprene emitting tobacco (under constitutive 

35S promoter) was seen to sustain diurnal rhythm in their emission only under long-day 

treatment (Vickers et al., 2011).  Our observation of altered relative peaking time in 

emission in a eucalypt under LD is consistent with our understanding that the phase of 

circadian rhythms is a function of photoperiod and light transduction (Pittendrigh & Minis, 

1964; Heide, 1977; Somers, 1999).  

 

Our findings also need to be explained in terms of function of isoprene emission in 

emitting plant genera and we propose that the sensitivity of the diurnal phase in emission 

to LD, and thus to summer, suggests a longer-term (evolved over many millions of years) 

link between isoprene emission rates and ground-level ozone concentrations.  It is known 

that isoprene emission mitigates ozone stress in emitting plants (Loreto and Velikova, 2001; 

Behnke et al. 2009; Fares et al. 2009).   It is also known that daily mean ground-level ozone 

concentration (excluding anthropogenic input) is not only higher during summer relative to 

winter, but also follows a broader and delayed diurnal peaking in summer due to higher 

solar irradiation and warmer temperatures than in winter (Khoder, 2009; Sharma et al., 

2012). 

 

While we acknowledge that we used branch-level measurements and it had limited 

capability to maintain constant leaf temperature during sampling, the consistency of the 



105 

 

phase-shift in plants acclimated to both 25 and 33 ˚C (prior to sampling) indicated 

temperature compensation, which is a feature of strictly circadian gated metabolic 

processes (reviewed in Webb, 2003). The result also suggested the existence of an 

independent, master photoperiodic clock that regulate the MEP pathway, most likely 

through trans-acting elements that are triggered by integration of the total duration of light 

perceived by the plants per day.  Increased volatile emission rates occurring at two different 

temperatures for the two species pointed to a broad entrainment of the MEP pathway by 

latitude-specific temperature and photoperiodic signal processing. Temperature (heat) on 

its own may override LD controls by causing bursts in emission especially during sun-

flecks or short-term heat stress over short-term depending on the available DMAPP 

substrate pool sizes.   

 

Seasonal variation in light intensity and temperature cause modulation in 

photosynthetic electron transport (Martin et al., 1978) and enzyme activities (Gazelius & 

Hallen, 1980).  Although a correlation is known between Rubisco activity and content with 

its mRNA abundance (Jiang et al., 1993), in our experiments the difference in 

photosynthetic variables was not significant across treatment groups suggesting seasonal 

thermal entrainment of chloroplastic processes, except in E. globulus during winter, 25 ˚C, 

LD; Table 2, Table S2 in Appendix V).  We attributed the significant decline in net 

assimilation rate in E. globulus (winter, 25 ̊ C, LD) to chlorosis (Table 2), which is common 

in plants including many eucalypts sensitive to artificial light (Withrow & Withrow, 1949; 

Scurfield, 1961).  Interestingly, the transcripts of the representative thylakoid membrane 

proteins responded positively to LD acclimation, suggesting transcriptional regulation of 

photosynthetic light reactions by photoperiodic signalling.  Preservation of photosynthesis 
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and chlorophyll content in E. globulus acclimated to 33 ˚C suggested seasonal thermal 

entrainment of chloroplastic processes.   

 

Physical factors such as light and drought have a complex interactive influence on 

photosynthesis and emissions (Misson et al., 2006; Staudt & Lhoutellier, 2011; Dani et al., 

2014b).  However, a more recent model identified canopy temperature as the main 

determinant of seasonal variation in community-level isoprene emission rates (Foster et al., 

2014).  We found that DXS and ISPS were synchronously up-regulated in leaves emitting 

isoprene at significantly higher rates (Fig. 3, 4).  Temperature had the most significant 

positive effect on both ISPS transcription (>10 fold increase) and isoprene emission rate in 

eucalypts (Fig. 3, 4).  Hierarchical and modular organization is a feature of transcription 

networks controlled by light and temperature (Franklin, 2008; Erwin & Davidson, 2009).  

Co-ordinated transcriptional up regulation of DXS and ISPS genes by photoperiod and 

temperature reflects a ‘selectively’ modular organization of the MEP pathway 

transcription, where groups of genes are co-regulated irrespective of their respective 

position in the pathway.   

 

Circadian regulatory elements are highly conserved across plant groups, yet 

photoperiodic regulatory circuits have significantly diverged (Hayama et al., 2003; Song 

et al., 2010; Campoli et al., 2013) and have acquired novel functions through the 

evolutionary history of land-plants (Kubota et al., 2014).  Unlike deciduous trees from the 

high latitudes, evergreen eucalypts seemed to have evolved greater sensitivity to annual 

temperature cycles than to photoperiod (Paton, 1978).  The fact that in our experiments 

emission rates increased under LD (with marginally less chlorophyll per leaf area) 

suggested that increased emission was a true response to LD, given that positive 
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correlations exist between nitrogen and chlorophyll content and further between 

chlorophyll content and emission rates (Possell et al., 2004; 2005). In another study, 

isoprene emitting transgenic tobacco acclimated to LD, emitted isoprene at twice the rate 

of those under short-day treatment (Vickers et al., 2011).  Interestingly, transcripts of ISPS 

and MTS declined in 33LD in both species while DXS did not.  Under normal photoperiod, 

warm temperature acclimation could lead to a bigger increase in transcription (as a general 

rule) and LD signals are needed to optimise the pathway over seasonal time-scales.  

Therefore, we propose that the amplitude of emission (seasonal maxima and minima) is 

entrained by temperature and is photoperiod-gated.  Quantifying species-specific 

temperature optima for photosynthesis and more obviously the MEP pathway could 

provide a mechanistic basis to global seasonal emission oscillations.   

 

Conclusion: 

Light-dependent plant metabolic pathways are circadian gated and regulated by 

rhythmic expression of multiple genes.  We aimed to quantify the relative effects of 

photoperiod and temperature on seasonal variation in plant volatile isoprenoid emissions.  

The circadian rhythm of volatile emission is temperature compensated.  Acclimation to 

long days (induced through low fluence light) coupled with warmer temperature causes 

increased emission rates without causing any significant change in photosynthetic 

performance.  Temperature induced transcription of DXS and isoprenoid synthases is one 

of the mechanisms of regulating circannual (not circadian) variation in plant isoprenoid 

emission.  We conclude that temperature is the principal time-giver that entrains circannual 

emission rates and it is likely gated by a photoperiodic clock.  This also means that 

increasing global mean temperature could interfere with the photoperiod (unchanged) 

signalling in major emitting tree genera altering their seasonal emission responses.   
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Conclusion and future directions: 

Terrestrial plant ecosystems are a major sink for CO2 and constitute a central 

component of global carbon cycle.  The emission of isoprene (~0.5 PgC/yr) by forests 

releases carbon to the atmosphere in a form that influences tropospheric oxidation reactions 

and volatile isoprenoids are an important natural source of secondary organic aerosol 

impacting cloud formation (Kavouras et al. 1998; Guenther et al. 2006).  Isoprene 

biosynthesis and emission by plants depends on carbon, energy and reducing power 

supplied by photosynthesis (Delwische et al. 1993; Loreto and Sharkey, 1993; Seemann et 

al. 2006).  The interactive effects of CO2, heat and drought on photosynthesis and 

isoprenoid emission are quite complex.  Emissions increase in plants under oxidative stress 

caused by high light, low CO2, drought and heat; such observations have led to various 

hypotheses concerning the biological function and evolutionary role of isoprene emission 

in ecosystems (reviewed in Sharkey and Monson, 2014).  In this concluding chapter, we 

discuss the overall significance of the published papers presented in the thesis in addition 

to highlighting important results from other chapters that contain unpublished data.  During 

this discussion, we identify pertinent gaps in our knowledge and point towards future 

investigations that we believe will help greater understanding of plant isoprenoid emission.   

Eucalypts are the most important evergreen tree taxa in the Southern hemisphere in that 

they harbor the most dense terrestrial carbon stores on the planet (Keith et al. 2009).  

Although eucalypts do not emit volatiles isoprenoids to the same extent of temperate 

poplars or oaks, the fact that tropical evergreen ecosystems are the world’s most significant 
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source of isoprene (Guenther et al. 2006) make many tropical genera like eucalypts with 

pan global geography a significant source of isoprenoids to the earth system.  Eucalypts 

exhibit extraordinary adaptations and offer a wide array of ecophysiological contrasts to 

study some of the finer unknown aspects of the relationship between photosynthesis and 

isoprenoid biochemistry in plants (see Chapters 1 and 2).  A hypothesis that attempts to 

explain variation in isoprenoid emission states that secondary metabolism (in general) and 

volatile isoprenoid emissions increase under abiotic stresses because the net carbon 

assimilation declines but the supply of reducing equivalents remains high (Niinemets et al. 

1999; Harrison et al. 2013; Selmar and Kleinwachther, 2013; Morfopoulos et al. 2014).  In 

Chapter 3 (published) of this thesis, we provide substantial experimental evidence 

supported by a mechanistic model in favour of the hypothesis that photosynthetic 

carbon reduction competes with non-photosynthetic sinks for reducing power under 

stress-free conditions (Dani et al. 2014a).  A claim is made that residual reducing 

power unused by carbon assimilation drives increased isoprene emission under 

various abiotic stresses.  Exploiting the contrasting drought tolerance of two Eucalyptus 

species, we provide an exhaustive experimental data set showing that photosynthetic 

electron transport rate (ETR) remained relatively more robust under drought compared with 

net carbon assimilation rate (NAR).  Consequently, an increased ETR-to-NAR ratio 

sustained increased isoprene emission rates under drought, which appears to follow a 

species-specific threshold for drought tolerance.   

CO2 compensation point (Γ*) is an important indicator of photorespiratory capacity of 

a species and it takes an appreciable range of values even among C3 plants (30 to 70 ppm; 

Black, 1973).  Drought causes stomatal closure to increase leaf temperature and CO2 

compensation point.  Γ* also shows a diurnal cycle (40 ppm to 160 ppm) with a daily 

maximum coinciding with midday depression in carboxylation efficiency (Tenhunen et al. 
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1984).  The well-known diurnal peak of isoprene emission just around after midday is 

consistent with the hypothesis in Chapter 3 and coincides with the midday depression in 

carboxylation efficiency.  We have observed a large range in Γ* values (40 ppm to 80 ppm) 

across many species of the genus Eucalyptus under stress-free conditions (data not shown).  

The large range in Γ* could be due to diversity in leaf structural traits (mesic vs. xeric) that 

reflect rainfall and nutrient availability in their respective habitats.  Photorespiration 

directly competes with the MEP pathway for reducing power and the competition becomes 

acute under drought stress as photorespiration rate increases and carbon supply for the MEP 

pathway decreases (Chapter 3).  Differences between more distantly related taxa in their 

photorespiratory sink strengths for carbon and reducing power will make future projections 

of global isoprenoid emission far more difficult using existing models and mechanistic 

assumptions.      

Isoprenoid emission rates observed in all of our experiments involving eucalypts were 

low (0 to 10 nmol/m2/s) compared with those from more widely studied poplars and oaks 

(20 to 100 nmol/m2/s).  There are some rare exceptions in the literature (for a survey see 

the Lancaster isoprenoid emission inventory) but such exceptions are most likely due to 

measurement conditions in the field.  Many native Australian plants have abundant Rubisco 

and eucalypts in particular are notable for their extremely high photosynthetic capacities 

amongst trees, operating generally in highlight environments (Warren et al. 2000).  Because 

a large carboxylation capacity potentially uses all available reducing power in the leaves of 

eucalypts, it is likely to leave limited reducing power for the MEP pathway under stress-

free conditions. These characteristics, along with perennial monoterpene storing, may 

explain why evergreen eucalypts emit less isoprene than deciduous poplars or oaks, which 

go through annual cycles of senescence and periodic drought.  A strong positive correlation 

between photosynthetic electron transport and isoprene emission is known (Niinemets et 
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al. 2002).  Based on our published results and some indicators ccautiously drawn from the 

unpublished leaf and canopy gas-exchange data from many eucalypts (Chapter 2, Appendix 

III), we project that plants with low photosynthetic rates should be high isoprene emitters 

if they express high electron transport rates relative to carbon assimilation rates (also see 

Appendix VII; Dani et al. 2015a).  Elevated CO2 levels for long periods could cause a 

significant decrease in maximum carboxylation capacity in many C3 plants (due to less 

Rubisco; Norby et al. 1999), although the response of electron transport rate is less obvious 

(Medlyn et al. 1999).  Terrestrial net primary productivity (NPP; ~50 PgC/yr) is sensitive 

to changes in global temperatures and could decline in future due to unprecedented warm 

temperatures and extended periods of drought (Melillo et al. 1993; Zhao and Running, 

2010).  We propose that improving global emission algorithms requires a broad consensus 

of species’ responses to drought.  Obtaining a reliable global atlas of tolerances for abiotic 

stresses among major plant biomes is crucial to understanding the future of plant isoprene 

emissions in a high-CO2 world.  

Drought-induced increase in concentration of soluble sugars in the cytoplasm is shown 

to have no bearing on isoprene emission and this raises questions about the import of 

cytosolic sugars into chloroplasts under severe drought (Rodríguez-Calcerrada et al. 2013).  

A contrarian view would be that static pool of sugars in the cytoplasm is not important in 

regulating carbon supply to the MEP pathway rather it is the rate of transport of carbon to 

and fro chloroplasts that is key to variations in isoprenoid emission under stress.  There are 

membrane transporters involved in moving phospho-enol-pyruvate (Fischer et al. 1997) 

and intermediate substrates of the MEP pathway (e.g. IPP) across the chloroplast membrane 

(Flügge and Gao, 2005).  Nevertheless, it is still reasonable to believe that isoprene 

emission behaviour is predominantly under the influence of pathways occurring within 
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chloroplast (and not cytoplasm), which compete with the MEP pathway for both 

photosynthetic carbon and reducing power (also see Appendix VII).    

The questions surrounding photorespiration are relevant also to the data presented in 

Chapter 4, where we show preliminary evidence for the inconsistency in the phenomenon 

of post-illumination monoterpene burst (PiMB) in Quercus ilex and Eucalyptus 

camaldulensis.  The results show that PiMB in Q.ilex is potentially different from post-

illumination isoprene burst (in poplars) and more work is underway in our labs in Australia 

and Italy, to understand the mechanisms underneath these differences.  One of the more 

intriguing observations in Chapter 4 is the contrasting post-illumination behavior of 

isoprene and monoterpenes in Eucalyptus camaldulensis.  The absence of a clear post-

illumination isoprene burst (the first peak) and the selective emission of monoterpenes in 

the dark in E. camaldulensis suggests substrate limitations on isoprene synthesis.  However, 

the secondary smaller burst in isoprene in the dark is intact in E. camaldulensis.  It was 

shown recently that direct (substrates) and indirect (re-assimilated) carbon from 

photorespiration could be channeled towards MEP pathway and isoprene synthesis 

especially under low CO2 and high temperature stress scenrios (Jardine et al. 2014).  We 

need know whether a primary burst during PiMB is affected by potential re-fixation of 

photorespiratory CO2 that could compete with PiMB for ATPs and NADPHs in the dark.  

Given the unequivocal positive effect of temperature on instantaneous and post-

illumination behaviour of isoprene emission (Li et al. 2011), new experiments are needed 

for a comprehensive analysis of post-illumination monoterpene burst (PiMB) at different 

temperatures, which will help quantify the relationship between photorespiration and its 

influence on isoprenoid emission rates in trees from different habitats. 
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The effect of high temperature in increasing isoprenoid emission is well researched both 

physiologically and more recently biomechanistically (e.g. Velikova et al. 2011; Pollastri 

et al. 2014).  However, the role of light (intensity, quality and duration) in either 

accentuating or attenuating the effects of temperature is a complicated problem empirically.  

While we are still a long way away from mechanistically incorporating clock/time signal 

transduction in plant emission models, yet it is becoming clear that circadian controls on 

isoprene emission needs to be an important parameter in refining global isoprene emission 

models (Hewitt et al. 2011).  In Chapter 5, we present new experimental leads to show the 

importance of separating the effects of temperature and photoperiod on circannual 

(seasonal) cycles in volatile emissions.  We show that diurnal variation in isoprene 

emission in Eucalyptus globulus is entrained by temperature and is photoperiod-gated 

(Chapter 5).  Photoperiod-dependent temperature entrainment of seasonal emissions 

has significant implications for future projections in global emission because 

anthropogenic greenhouse gas emissions is increasing global temperature but 

photoperiod being an external (fixed) variable, remains unaffected by temperature-

CO2 feedback dynamics of the Earth.  The results emphasize the need to separate 

photoperiod and temperature effects on seasonal emissions, which could help refine the 

regional discrepancies in emission projections given that inter-specific variation in 

emission rates among tree genera has a complex annual phenology component built into it.  

A key step would be to incorporate an annual photoperiod function dependent on the 

Cumulative Radiative Force (e.g. in W/m2/day) in emission models.  This would be akin to 

Growing Degree Days (GDD), a parameter conventionally used to incorporate phenology 

in various dynamic global vegetation models (Foley et al. 1996; Krinner et al. 2005). 

In Chapter 6 (published), we provide a novel hypothesis attempting to explain the 

origin and evolution of isoprene emission capacity in land plants (Dani et al 2014b).  The 
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question of why only some plants emit isoprene has bothered many isoprenoid researchers 

for decades and have led to numerous opinions, arguments and hypotheses (cited in Chapter 

6).  Yet, a definitive answer has eluded all and the mystery surrounding the origin and 

occurrence of isoprene emission remains.  Combining a comprehensive analysis of 

emission traits across the whole plant kingdom (including bryophytes, see Appendix 

VI) and original insights into the evolutionary physiology and genetics of fast growing 

trees, we provide a novel and conclusive argument that the occurrence of isoprene 

emission in land plants is associated with the genera that are fast growing, long-lived 

and species-rich (Chapter 6).  Although the chapter focusses on isoprene emission in 

plants, the views presented in the article could have deeper implications on the way we 

understand and analyse plant evolution.  Chapter 7 (published) identifies the key tenets 

of the hypothesis presented in Chapter 6 and showed how fundamentally similar 

selection criteria operate at different levels of complex organization of life and lead to 

similar evolutionary trajectories (Dani et al. 2015b).  The discussion reviews a broad 

range of evidence to show how simple chemical derivation (reduction), highly reactive 

hydrocarbon chemistry, a wide range of ecological benefits (strong selection) and an 

unlimited scope for diverse structural configurations have contributed to repeated 

emergence and functional diversification of biogenic volatile isoprenoid emission in 

evolutionarily distant and unrelated living systems.  The chapter is careful in not 

attributing ‘motifs’ to the process of natural selection, and is conscious of the 

inappropriate tendency in many scientific disciplines to analyse and describe evolutionary 

changes as ‘desirable’ changes, which is an anathema to the theory of natural selection.   

We are still aiming at discovering metabolic and biophysical aspects of isoprenoid 

emissions in many non-model organisms, and such information is likely needed to further 

decode the complexity of volatile emissions in higher plants.  Eucalypts, as it is evident 
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from this thesis, offer myriad opportunities to investigate isoprenoid emission as a model 

biochemical process and ecophysiological trait.   Our understanding of monoterpene 

biosynthesis (using PiMB as a model), monoterpene storage and emission in eucalypts has 

important ecological (e.g. antiherbivory, forest fires) and economic (terpene based fuels) 

facets.  Now that a high-resolution whole genome sequence of Eucalyptus grandis is 

available (Myburg et al. 2014), the next logical step would be to decode the complex 

relationships between phenotypic diversity and emission capacities of eucalypts. There are 

many hundreds of Eucalyptus species and sub-species with both broad and narrow bio-

geographical ranges and there is no better system than eucalypts to answer questions 

pertaining phenotypic plasticity and its influence on ecophysiology of isoprenoid emission.  

The eucalyptus isoprenoid model has immense potential to not only nurture breakthroughs 

in scientific research, which is our primary concern, but also sustain research activities by 

many socioeconomic benefits through industrial applications, a necessary aspect of 

scientific research in 21st century.  Despite significant scientific progress, plant isoprenoid 

emission retains plenty of mystery to kindle the imagination of generations of researchers 

to come.   
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Illustrative Gas Chromatographic and Mass Spectral Analysis 
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Example standard curves for isoprene and limonene 
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Selected photographs of the experimental methods  
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Supplementary information for Chapter 3  

Research article in Plant Physiology 

 

Increased ratio of electron transport to net assimilation rate supports 

elevated isoprenoid emission rate in eucalypts under drought  
 

 Kaidala Ganesha Srikanta Dani, Ian McLeod Jamie, Iain Colin Prentice, Brian 

James Atwell 

Department of Biological Sciences, Macquarie University, North Ryde, Sydney, NSW 2109, Australia (K.G.S.D., I.C.P., B.J.A.);  

Department of Chemistry and Biomolecular Sciences, Macquarie University, North Ryde, Sydney, NSW 2109, Australia (K.G.S.D., 

I.M.J.); and AXA Chair of Biosphere and Climate Impacts, Grantham Institute for Climate Change and Grand Challenges in Ecosystems 

and Environment, Department of Life Sciences, Imperial College London, Silwood Park Campus, Buckhurst Road, Ascot SL5 7PY, 

United Kingdom (I.C.P.) 

  

 

 

Table S1:  Photosynthesis parameters of   Eucalyptus camaldulensis subsp. camaldulensis in response to 

drought and photorespiratory stress  

(Experiment 3) leaf temperature of 25 ˚C and PAR=1200 µmol m-2s-1 

Treatment 

group 

Net 

assimilation 

rate  

(µmol m-2s-1) 

Stomatal 

conductance  

(mol m-2s-1) 

 

Leaf internal 

CO2  

at  

Ca=400 

µmol mol-1
 

 

Transpiration 

rate 

(mmol m-2s-1) 

Leaf  

temperature  

(˚C) 

Relative 

Humidity 

(%) 

2% O2 + 

100% FC 
27.5 ± 1.14 0.65 ± 0.06 275 ± 16 7.2 ± 0.15 25.0 ± 0.05 56 ± 2 

2% O2 + 

50% FC 
5.9 ± 0.39 0.10 ± 0.01 267 ± 11 2.0 ± 0.23 25.2 ± 0.09 41 ± 1 

 

20% O2 + 

100% FC 
20.4 ± 0.20 0.52 ± 0.03 302 ± 4 7.7 ± 0.31 25.0 ± 0.07 44 ± 2 

20% O2 + 

50% FC 
6.6 ± 0.59 0.11 ± 0.02 234 ± 7 2.4 ± 0.33 25.1 ± 0.16 35 ± 2 

 

50% O2 + 

100% FC 
10.3 ± 0.69 0.45 ± 0.04 366 ± 7 5.7 ± 6.92  24.9 ± 0.11 52 ± 2 

50% O2 + 

50% FC 
3.8 ± 0.56 0.14 ± 0.04 348 ± 14 2.8 ± 0.63 25.1 ± 0.08 34 ± 3 

All values are Mean ± 1 SE (N=5) 
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Fig.  S1: Electron transport rate to net assimilation rate ratio in response to varying levels of oxygen 

concentration in well-watered (100% FC) and droughted (50% FC) E. camaldulensis subsp. 

camaldulensis (Experiment 3) 
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Fig. S2: Response of photosynthesis to short-term exposure to heat stress under 20% O2 (left panel) and 

2% O2 (right panel) over a CO2 concentration span (60 µmol mol-1 to 1800 µmol mol-1) in Eucalyptus 

camaldulensis subsp. obtusa acclimated to well-watered condition (100% FC) and drought (50% FC) (A) 

stomatal conductance (B) leaf internal CO2 concentration (C) transpiration rate (N=6, means ± 1 SE). Note: 

It needs to be tested whether stomatal limitation on CO2 diffusion also reduces RuBP regeneration capacity 

(Tezara et al., 1999) and whether it contributes to increased emission under drought.  (Tezara W., Mitchell 

V.J., Driscoll S.D. & Lawlor D.W. (1999) Water stress inhibits plant photosynthesis by decreasing coupling 

factor and ATP. Nature 401, 914-917) 
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Fig.  S3: Short term (15 min) response of photosynthesis to low O2 (2% oxygen) at 25 ºC and 400µmol 

mol-1 CO2 in two eucalypts acclimated to well-watered condition (100% FC) and drought (50% FC) (N=4, 

mean ± SD).  In both species net assimilation rate increases and stabilises within 5 minutes (monitored until 

15 min) after exposure to low O2 under well-watered conditions (Black*P≈0.06);. Photosynthesis declines 

under low O2 in E. camaldulensis subsp. camaldulensis experiencing severe drought (≤50% FC; 

Grey*P=0.11)  
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Fig. S4: Isoprene and monoterpene emission rates: Comparing drought and heat responses (A) 

Compare emissions under heat (without drought) and drought (without heat) (B) Illustration reproduced 

(permission pending) from Niinemets (2010) in Trends in Plant Science (C) We propose that the response of 

constitutive isoprenoid emission under drought follows the blue dashed line rather than the original solid line 

(compare with heat stress response) 
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Fig. S5: Estimated NPQ across drought gradient (see main MS methods for details) Note the significantly 

high NPQ in E. camaldulensis subsp. camaldulensis (%FC <50) 

 

 

 

 

 

 

Fig. S6: Isoprene and monoterpene emission rates peaking at two different CO2 concentrations in 

response to short term CO2 exposure (at 28 ºC, 20% O2) in E. camaldulensis subsp. obtusa 
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Supplementary material for Chapter 5 
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Supplementary information for Chapter 6 
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